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1. Introduction

It was the technical aim of this work to investigate by
nanosecond and sub-nanosecond time-resolved fluorescence and
fluorescence anisotropy techniques the interactions between
chromophores in poly(vinyl aromatic) polymers, the sub-group
motion of such polymers, and energy migration in these systems,
It was envisaged that studies on polymers in dilute solution
would be completed, and extended to concentrated solutions, solid
polymers, and where feasible, polymer melts,

In dilute fluid solution, we have carried out an extensive
study of styrene containing polymers and copolymers, reported
below, in which excimer formation is related to excitation
migration and segmental motion. Some steady-state anisotropy
measurements were also made,

In solid state, very extensive studies on the fluorescence
of poly(diacetylene) polymers were made, again with particular
emphasis on exciton diffusion in ordered crystals, and disordered
polymers in solvent glasses at low temperatures,

A major experimental objective of the work was to design
apparatus capable of very accurate measurements of time-resolved
fluorescence anisotropy of 'labelled' synthetic polymers, This
proved to be difficult, but was eventually achieved, and the
equipment was used to study the vinyl aromatic tagged acrylic
polymers in dilute and concentrated solution which was proposed
originally,

The results achieved are discussed in detail helow.
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2. Experimental methods used

The experiments were carried out using two pieces of
apparatus in which pulsed laser excitation was used to excite
fluorescence in a sample, which was monitored using the well-
tried technique of time-correlated single-photon counting[1].

System 1{2]

In this system, shown in Figure 1, the excitation source was
a 4W Argon-ion laser (Spectra Physics 166) operated as a cavity-
dumped only device. The resultant pulses were approximately lOUns
full width at half maximum intensity (FWHM) and at repetition
rates variable from single to SMHz, Although these pulses are
broad, the system has been shown to extract subnanosecond
flunrescence lifetimes with confidence. Tuning of the ountput
wavelength of the laser using an intracavity prism, enabled
pulsed output of most of the Argon-ion 'lasing' lines (514,5,
SULLT, 496,5, 488,0, 476.5, 472,7, 465,8, '457.9 + 454.5',
437.1nm).  For excitation of the samples under study, it was
necessary to frequency double the 514,5nmm output to 257.20nm in
order to obtain the desired wavelength. This was accomplished by
focussing the output of the laser to a beam waist at the centre
of a temperature-tuned non-linear crystal (ADP) (Coherent model
440 UV generator),

This iton laser was operated as a cavity-dumped only device,
as the electronics were not sulficiently stable to simultaneously
mode-lock and cavity dump, although use of an r{ svnthesiser
(Racal Dana 8SU82) enabled it to be snccessfully mode~locked,
synchronisation with the cavity dumper preved unsuccessful,  New
electronics are currently being built to overcome this problem,
It should also be noted that this system was made prior to
integer + 1/2 technology, thus even when fully working, pulse
suppression witl be a problem, especially as the cavity length
is shorter and hence the made-locked pulses are even ecloser
together (l0ns), In this system the mode-locker {requency,
48,00z, is 1/8th of the cavity dumper {requency, with the pulse
repetition frequency related in the same way as previous, piving
rates of 4,85z, 970KHz, ete, .. Peplacement of the Spectra
Physics 466 driver with a Coherent/Harris 101 intraduced a
different range of repetition rates (3.85MHz, 700Kz, ete) related
to the Coherent CRI8 laser, operating with a mode lockoer
frequency of 38.5MiHz, (1/10th of the cavity dumper frequency),

The major problem with this system operating in this
configuration, is the &tructure within the cavity dumped
envelope. This system las been operated previonsly nsing the
cavity dumper in a (W dye laser. However, by small ad justment s
of the Bragp cell, elimination of the structure was possible,
assumed to be due to dephasing of the two interfacing beams. The
temporal resolution of this spectrometer wis also lower and thus
with the increased resolution of the present spectrometer the
strocture became more of a problem,  Figure 20 shows a cavity-
dumped pulse detected using the photon counting detection system,

4
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Figure 2 Cavity dumped pulses detected using single-photon
detection

(a) Double pass configuration

(b) Single pass configuration

demonstrating the structure within the pulse. Using the
aforementioned 'dephasing' technique was both difficult and
unreliable, Figure 2b shows another pulse detected under the
same conditions as previously but here the structure has been
removed successfully by eliminating the first diffracted beam and
thus avoiding interference of the two output beams. This method
proved far superior and was now adopted for general use.

System 2{2]

The second system shown in Figure 3 compromised an activity
mode—~locked (Spectra Physics 342) 12W Argon-ion laser (Spectra
Physics 171), synchronously pumping a Rhodamine 6G dye laser
(Spectra Physics 375) with an intracavity dumper (Spectra Physics
344), Pulses produced «vere 10ps FWHM and at repetition rates
variable from single shot to 4MHZ 'lasing' of Rh.damine 6G was
possible over the wavelength range of 570-620nm and selection of
the desired wavelength was achieved using a dielectronically
coated tuning wedge. This wavelength range was unsuitable for
the molecules of interest and thus frequency doubling was also
applied here, using an angle-tuned ADP crystal (JK Lasers Ltd).
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The detection electronics of both systems were identical in
operation but differed in models used. The make and models
quoted below in parenthesis are for the System 1 and System 2
laser systems, respectively,

Solution-phase samples were contained in lcm3 suprasil
quartz cuvettes with facilities for degassing by the freeze-pump-
thaw technique. Fluorescence was monitored perpendicular to the
direction of excitation, by focusing the light using a 3cm focal
length lens on to the slits of a high resolution monochromator
(Rank-Precision Monospek 1000, Rank-Precision D330).

Fluorescence was detected using a fast photomultiplier (PM) tube
(Philips 56DUVP, Philips XP2020Q) wired for single-photon
counting and biased at 2,3KV by a Farnell E2 stablised power
supply. The output signal from the PM tube was fed to a constant
fraction discriminator (Ortec 463, Ortec 934), the output of
which was then delayed (to centralise decay on screen of MCA)
using nanosecond delay lines (S.E,N. FE290, Ortec 425A) and
applied to the START input of the time-to-amplitude converter
(TAC) (Ortec 437A/467, Ortec 457), In the conventional set up
this is the STOP input, however, owing to the high repetition
rate of the laser, an inverted mode of TAC operation is employed.
The STOP input to the TAC was obtained from a TTI, signal from the
rear of the cavity-dumper driver (Spectra Physics 466/Harris 101;
Spectra Physics 454) which is synchronised with the cavity-dumper
drive signal, No difference was observed in using this method in
place of the conventional technique of using a photodiode, and was
thus used for convenience.

The output voltage from the TAC was fed to the MCA (Northern
NS600/Norland Inotech 5300, Canberra series 30) operating in the
pulse-height analysis mode. One half of the memory (256/512, 512
channels) used to store the fluorescence decay, and the other
half to store the instrument response function. Data was
collected to a minimum of 30000 counts in the channel of maximum
intensity in order to obtain a good signal-to-noise ratio, which
is required to justify the use of complex fitting functions. The
TAC range was chosen to allow the fluorescence intensity to decay
through at least three decades of intensity and thus prevent
omission of any long lived fluorescence species,

Data was transferred to a Perkin-Flmer 7/32C minicomputer
and then analysed using an iterative, non-linear least squares
reconvolution program, written in Fortran 4,

Analysis of data is discussed in the relevant sections
below, and in Appendix*I. The use of the apparatus to make time-
resolved anisotropy measurements is discussed in Appendix 11I.




3. Luminescence of poly(styrene) and copolymers

Poly(styrene) is a characteristic vinyl aromatic polymer in
that it exhibits strong excimer fluorescence, an excimer being
an excited state dimer, the formation and decay of which follows
the Birks kinetic Scheme 1 for free chromophores in solution[3].
For the case of vinyl(naphthalenes) we showed in earlier work[4-
7] on the basis of analysis of monomer fluorescence that Scheme 2
was most compatible with the observations, The results were
based upon the empirical fitting of fluorescence decay curves to
a sum of three weighted exponentials, and have been criticized on
the grounds that more complex mathematical models can in some
circumstances be mimicked by three exponential terms (i.,e., a six
parameter fit)[10]. We have responded to these criticisms in a
recent article reproduced here as Appendix I. We believe in
particular that the methods of analysis used here are
particularly valid in the case of poly(styrenes), and we thus
present here our conclusions based upon this analysis, the basis
of which is outlined below,

M*

M+hy 2M+ hv,

Scheme 1 Kinetic scheme for excimer formation and decay

AW
e S

Mihy M+hy M 2Mhy 2M

Scheme 2 Possible scheme for excimer kinetics in
copolymers of vinyl(naphthalene)

Scheme 2 o

In this photophysical scheme it is proposed that M, and D¥
interact by an exciton diffusion mechanism, M.* is considered to
be an isolated naphthalene chromophore which can transfer energy
into M,* with a transfer rate characterised by the rate
coefficient k_. Reverse transfer from M,* to M. * is considered
unimportant for the following reason, FExciton §1ffus1on is
expected to be very efficient within sequences of naphthalene




chromophores within the chain, comprising the M. * sites., In

view of the reduced lifetime of M ,* relative to M.* and of the
delocalised nature of the energy within extended chromophore
sequences which increases the elfective separation of M,* and

M, *, Ml* to M_* energy transfer by Foster or Dexter mechanisms is
dimishéed relagive to the MZ* to Ml* process,

Analysis of results

In Scheme 2 the emissions from M, * and M,* will be
spectrally indistinguishable and if ié is assimed that

Ky = kpy * iy S
is identical for each species, then the decay profiles 1i,,(t) and
i (t) recorded for monomer and excimer, respectively, may be
derived as

iM(t) = Al exp(—klt) + /\2 exp(—*zt) + A3 exp(—ABt) (2)
and

iD(t) = A4 exp(—xlt) + A5 exp (-Azt) + AG exp(—Agt) (3)
where

Moo= 2L+ 1) + 1 - 0P s bl kp[M11172] (4)
and

X = =

g * gy M Y=g+ gy

where

kD - an_+ kTD
a~d

T B VI Y L Bl P Y G
~nd

=¥ b frr Sehem
X ety f~r Scheme 2 (6)

Fquation (2) i= compatible with the abscrvatirn of tripl-
components in the deray of monomer flunrescence in all polymers
studied. The model may thus be used to vield rate-constants in
the following way.

Determination of rate coefficients

For low molar mass species in which intermolecular excimer
formation results from a diffusion controlled interaction,
individual rate parameters may be determined by the following
methods, summarised in Table 1.

10
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(1) FFrom a study of the concentration dependence of Xl and
X, rate parameters may be extracted from the
emipirical data by a variety of extrapolation techniques.

(a) k, may be estimated from the unquenches monomer
lifetime,

(b) Since X ~+k, as [M] + 0, k,, may be estimated from the
intercept of A, as a function of [M],

(c) Since (AI + A/ [M] = ka, kDN is conveniently
estimated as tﬁe slope of plot of (A, + X)) against [M].

(d) As [M) ==, A/ [M] ~» kDM; k)M may be oftained, as an
alternative to mfthod (c), from a plot of Az as a
function of [M] ",

(e) Since (x, + X)) - kM + k.o + k,y as [M] + O the
intercep& of {a, + 2,) against {M] may be used in
combination with (a)“or (b) or estimate (kMD + kD)'

(f) Since (X XZ) + k, (k. + ki) as [M] > 0O, (kM + kD) may
be estimated as an alternative to method (e} from a
plot of (X, X)) as a function of [M] through substitution
of k,, from (4) or (b).

(g) The Elope of (A A} vs., [M] furnishes kD\kD' Thus, k
may be estimated using the value of kDM from either (c¢)
or (d).

(h) As [M] + =, X =+ k.,

(i) k,,, may be es&imated by combinations of (e) and (f)
MP
with (g) and (h).

The results obtained by these procedures on poly(styrene)
and copolymers with methyl methacrylate can be summarised as
follows.

Styrene homopolymers[12]

Fluorescence decay curves were recorded in the regions of
monomer emission (at 270 and 290nm), and excimer emission (at
340nm). The monomer decay i,(t) was poorly described by a single
exponential function but was well characterised by a dual
exponential fit of the form

iM(t) = Aa cxp(—t/ra) + Ab exp(—t/xb) (7)
where

A = 1,15 A, = 0,004

a b

Ta = 0.88 (+ 0.10)ns Tb = 14,9 (+ 0.8)ns

+
The excimer decay i (t) was poorly described by single and double
exponential fits, he inadequacy of the double exponential fit
may be due in part to instrumental distortion experienced in
analyses of emission data subject to large energy displacements
from that of excitation. However, analysis of the fluorescence
response excluding the rising portion of the decay profile
yielded a lifetime of 15,3 (+ 0.2)ns. This long decay time may
be assigned to that of the excimer consistent with a previous report.

11
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Table 1 Procedures for derivation of rate constants

Method  Procedure Function Derived parameter
derived
(a) Measurement of unquenched kM kM

monomer lifetimes

(b) Fxtrapolation of A, to k k

M] = 0 1 M M
(e) A+ 2y) KDn ki
ol
(d) By kpy as [M] + = Ko Koy
sl
(e) Op + ) >y g + kg Ry + Ry + Ky Kuo ¥ ko
s [ » 0 by combination
. with (a) or (b)
() (g ry) > byylhygy + kp) as gyl + k) o * K
Ml - 0 by “combination
with (a) or (b)
() Aayn,) = kpyk ko k k
-srhjz DH™D DHTD h? combination
with (c¢) or (d)
- 1S oo
(h) ‘Al » kpy as [M] - kp kp
(i) (e) or (£) plus (g) or (h) kMD kMD

Consideration of the relative magnitudes of the pre-
exponential factors A_ and A_ and decay times t_ and 1, (equation
7) reveals that the subnanosécond component dominates the
fluorescence decay (constituting 94,47 of the emission profile),
Comparison of 1T with the value obtained for that of the excimer
described above indicates that T may be associated with the
excimer dissociation to produce excited state monomer. Hence in
contrast with previous reports the reverse dissociation pathway,
although of rather minor significance, is not completely absent.
Conclusive evidence of this fact is provided by the time resolved
emission spectra presented in Figure 4.

+

The early gated spectra are dominated by monomer
fluorescence, lowever, as the time interval, A, between
excitation and analysis is increased the relative proportion of
excimer to monomer, i./i,, is ohserved to increase., This is
consistent with the observation of a longer lived excimer and
with the proposition that excimer may be generated {rom excited
state monomer, More importantly it should be noted that in the
late gated spectra, sampled at times at which emission from

12
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Figure 4 Time resolved fluorescence spectra of
poly(styrene) in degassed dichloromethane recorded at delays
of (a) Ons; (b) 3.8ns; (¢) 7.7ns; (d) 11.5ns; (e) 15.4ns;
(f) 19.3ns; (g) 28.8ns; (h) 38.4ns following excitation. A
gate width of 3,2ns was used throughout.

directly excited monomer would not be extant a small contribution
from monomer emission is observable., Additionally the ratio

i,/i, tends to a constant value at long times indicative that the
monomer emission observed in these spectra results from reverse
dissociation of excimer,

L)

The principal differences between the photophysical
behaviour of poly(styrene) and poly(vinyl naphthalene)[5] or
poly(l-naphthylmethacrylate)[8] are that (i) in the poly(styrene)
homopolymer monomer the emission decay is well described by a
dual exponential function. Consequently there is no evidence in
these dates for the presence of an 'isolated' inonomer as
postulated to explain the triple exponential fits in naphthalene
containing polymers. (ii) The reverse dissociation of excimer

13
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appears to be of less importance in poly(styrene) than in the
polymers bearing naphthyl chromophores.

Styrene-methyl methacrylate-copolymers[12]

Table Z lists the parameters governing polymer
microcomposition necessary for the description of the
photophysical behaviour of the copolymers. The derivation and
significance of the functions f_ (mole fraction of aromatic) f
(fraction of bonds between styréne derived species) and 1 (megﬁ
sequence length of aromatic in the copolymers) have been
discussed in paper 12 listed in this report,

As with the homopolymer fluorescence decay curves were
recorded in the spectral regions corresponding to monomer and
excimer fluorescence., The emission intensity decay of the
excimer could not be described well by single or dual exponential
functions. Triple exponential fitting is not justified due to
uncertainties introduced by instrumental distortions consequent
upon large spectral displacements from the excitation wavelength,
Consequently, excimer 'lifetimes', T_, were obtained by a similar
'tail fitting' treatment as described for the homopolymer and are
collated in Table 3.

Table 2  Composition data for Styrene-methylmethacrylate

copolymers

Sample fs fss s

1 0.04 0,000 1.01
2 0.17 0,009 1,05
3 . 0,28 0.400 1,13
4 0.36 0.057 1.25
5 0.46 0,132 1.36
6 0.49 0.163 1,54
7 0.60 0,286 1.87
8 0.66 0.375 2,31
9 075 . 0.518 3,26
10 0.87 0,737 6.73
11 0.94 0,891 18,00

14




Table 3 Decay data for Styrene-methylmethacrylate copolymers

1

Sample Ay Tl/ns A, Tz/ns Ay 3/ns TE/ns
1 0.018 7.91 0.165 21.03
2 0.017 8.80 0.146 22,51
3 0,033 5.28 0.154 19,51
4 0,062 4,88 0.143 17,74
5 0.109 4,77 0.124 14,00 17.16
6 0.130 4,37 0.115 13.54 16,26
7 0,026 15.9 0.162 2.4(8) 0.127 7.80 15.89
8 0.010 15,3 0.287 1.8(4) 0,147 5.70 15,47
9 0,011 15,2 0.297 1.3(6) 0.119 4,20 15,33
10 0,009 16,7 1.090 0.8(5) 0,031 2.4(1) 14,19
11 0,006 14,6 0.648 0.9(4) 0,183 2.0(9) 15.28

The time dependence of fluorescence intensity in the region
of monomer emission i, (t) could not be adequately characterised
in terms of a single exponential function for any composition of
styrene examined, In the lower styrene composition range
(samples 1-6; styrene content 4-497) i (t) was well described by
a dual exponential function of the form of equation (7).
However, at aromatic contents of 60 mole % and greater it was
necessary to invoke triple exponential functions of the form

1M(t) =a, exp(—t/rl) + A2 exp(—t/rz) + A3 exp(t/13) (8)
The data are shown in Table 3, Interpretation of these results
with reference to Scheme 2 yields the rate coefficients given in
Table 4, The results are described in full elsewhere[12], but
the main conclusions reached ares-~

(1) It is apparent that the mechanism proposed for the

description of intramolecular excimer formatio. in

naphthalene-containing polymers is a f{easible kinetic scheme

for the phenomena in macromolecules containing styrene.

(2) The photophysical behaviour of poly(styrene) is

different from that of the homopolymers of the

vinylnaphthalenes and l-napthyl methacryacrylate. It would

appear that in poly(styrene) there is no detectable

influence from 'isolated' monomeric groups, M. *,

Consequently it may be inferred that MZ* sites in styrene
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copolymers are associated with physically isolated
chromophores. In naphthalene polymers Mz* sites are evident in

Table 4 Rate coefficients for Styrene-methyl methacrylate
copolymers derived by procedures listed in Table 1

Rate coefficient Value/lO_7 s~l Method

Ky 8.74 (a)
6.0 (+ 1.0) (b)

akDM 51,1 (+ 6.4) (c)
47,2 (+ 6.4) (d)

kep *+ Kp 13.5 (+ 2.7) (e)
15.6 (+ 2.7) (1)

kD 6.9 (+ 1.0) (g)
6.9 (+ 0.5) (h)

kMD 7.7 (+ 2.90) (i)

the absence of 'spectroscopic spacers' and can he associated
with species whose kinetic isolation is not soldy consequent
upon separation from similar chromophores.

(3) Population of excited state monomers by reverse
dissociation of excimer does occur in poly(styrene).

Styrene acrylonitrile copolymers

A series of styrene-acrylonitrile copolymers, of composition
shown in Table 5 has been the subject of a similar investigation,
Resvlts will be reported in full elsewhere[13], and thus only a
digest of the work is given here, Thus we can compare the
tendency for excimer formation in the styrene-acrylonitrile
copolymer series with that of the styrene-methyl methacrylate
series, This is hampered by the fact that the two copolymer
systems do not show the same function dependence of 1./1,, upon
chain microcomposition, Hence a direct comparison is no
possible and simple comparison of the I./I,, of two polymers of
the same mole fractioonsof chromophores is meaningless.,

The series may however be compared in two ways.

(i) The styrene-acrylonitrile copolymer sample 1 (cf. Table 5)
has an £_ of 0.49 and happens to have a similar 1. /I to that of
a stryrefe-methyl methacrylate copolymer of the same mole
fraction (Table 2). Comparison of the values of f for the two
polymers, however, reveals that for the styrene-actylonitrile
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copolymer f = 0,08 (Table 5) whereas for the styrene-methyl
methacrylaté copolymer f s = 0.16{12] illustrating the greater

facility for excimer formation in the acrylonitrile copolvmer series.,

Table 5 Styrene-acrylonitrile copolymer microcomposition

data(13]

Copolymer FS fs fss pss 1S

1 0.295 0,49 0.08 0.17 1.20
2 0.404 0.55 0.13 0.24 1,32
3 0,434 0.56 0.13 0.23 1.30
4 0,602 0,62 0,24 0.39 1,64
5 0,621 0,063 0.25 0.40 1.65
6 0.739 0,64 0.32 0.51 2,04
7 0.743 0.65 0.32 0.49 1.97
8 0.844 0.69 0.42 0.61 2,58
9 0.882 0.68 0.38 0.56 2,27
10 0.925 0.80 0,62 0.77 4,40

(ii) Alternatively the extent of excimer formation may be
compared for two polymers of similar microcomposition. The
styrene-acrylonitrile sample 9, f = 0,08 (Table %) has a very
similar chain microcomposition to®that of the methyl methacrylate
analogue of £ = 0,66 (Table 2). tor hoth polymers f = 0,738
yet the value®of I /I, exhibited by the styrene-acrylbiiitrile
polymer exceeds that of its methyl methacrylate counterpart by a
factor of about 2.5.

Observation such as these demonstrate that the efficiency of
excimer emission relative to monomer is enhanced in the
acrylonitrile series compared to methyl methacrylate copolymers,
Whilst it is very tempting to interpret these trends in terms of
reduced steric bulk of of the comonomer enhancing the energy
migration or the concentration of trap sites such effects are not
the only possible causes of the observed trends., Fo. example,
enhanced deactivation of the excited monomeric or dimeric states
as a result of differing environments that the chromophores
experience in the two copolymeric systems could alter the ratio
of I./1,,. In principle, fluorescence data obtained under
transient excitation conditions can considerably enhance the
steady state informatjon and provide further information in the
role of the comonomer in controlling the extent to which excimer
emission is observed in styrene copolymers. The results obtained
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yield values of k. (scheme 2) of 1.5 x IU) q»l, ﬁhanns that in
the styrene methyl methacrylate system wos 5 x [0 & ',k by
contrast wis measured to be 7,0 x 107 &7 , very similtar to \hn
value in the styrene-methyl methacrylate case, This is as would
he expected, since the intvinsic decay of the styrene excimer
should ngt d(f*pond upon comonomer, k. wis found here to he

3.9 x 107 &7, considerably larger thin that in the styrene-MiA
case, Thus both formation and dissociation of styrene excimer

are enhanced by copolymerisation with the less bulky acrylonitrile
comonomer ,

(iii) Styrene-butadiene block copolymers[14].  The polvmers
identified in Table 6 were studied.

Table 6 Kinetic parameters for Poly(styrene) homopolynmers

B2 SEEE e ane

and copolymers
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i refers to homopolymers, B to single hlock copolymers of the type

and I to block copolymers of the type SBSH,
Number of Styrene units in the sequence length, Values listed for
are the arithmetic means of the two individual sequence lengths,

dolar mass dependence of rate parameters

Reference to the data presecuted in Table 6 reveals that the
rate coefflicients for excimer deactivation hy dissociation to
MONoORer k\), and by all other photophysical means, k., are
(within the considerable errors incurred in the apalysis)
independent of chromophore sequence Jength,

Fipure 5 shows the dependence of the term kU,fH] upon the
number of styrene-derived chromophores in a continuous sequence
lengttc in the homopolymer, single block copolymer, and dual block
copolymer svstems, A smooth curve, concave to the molar mass
axis, ils produced, provided the data for the copolymers
containing two styrene sequence lengths are calculated assuming
negligible interaction between the separate chromophoric hlocks.
The general trend in the data compares well with that reported by
[shii et al[15] for the rate constant for excimer formatioa in
poltv{styrene) homopolymers wnd those reported for steady-state
exeimer Lo mononer ratios{15,16,17] a function of styrene
sequence length,

{
1

The superposition of dual block excimer formation rate data
upon those of the homopolymers and single-block species under
these conditions erphasizes the negligible influence of lonp-
range interactions (vhether ol a diffusive or enerpv-transfer
ature) apon the photophvsical behaviour,  Indeed the lack of
involvement of long-range interactions is reinforced by the
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polymer.,
distinct incompatibility of the dual block copolymer data when
the overall styrene composition is considered (cf. Figure 5).
The derived decay parameters and their molecular weight
dependence allow firm conclusions to be reached regarding the
nature of the kinetic sites and their mutual interactions.

The kinetic treatment outlined above has assumed that the
dual decay parameter combination of A results from the
existence of one excited monomeric spélles that is capable of
interacting to form an excimeric state. In this scheme the
longer decay time is consequent upon the feedback to excited
monomer through excimer dissociation.

The alternative interpretation which would be implied by the
suggestions ot MacCallum[18,19]} that kinetic discrimination is
resultant upon differences in compositional environment within
the chain may be discounted as discussed below. According to
thse arguments the dual-exponential decay in the region of
monomer emission would be ascribable to the decay of styryl units
located in environments of the type -SSS- and -BSS- i,e., at
sequence interiors and termimi, respectively, Furthermore, it is
assumed that excimer dissociation to excited monomer does not
occur, This model is not consistent with the observed
photophysical behaviour for the following reasons.

(1) Intuitively, it could be reasoncd that if the
differences in kinetic activity of -5S§5- and -BSS- are
solely the result of reduced probability of excimer
formation as a consequence of the 2:1 ratio of potential
excimer sites (and modification of rotational mobility by
differences in geometric constraints in the two triad
situations), the ratio of the two decay times would be much
greater than observed. In other words, it would be expected
to a first approximation that given a value of ca, lns for
A, descriptive of -S8S- decay, X, for -BSS5- triads would be
éxpected to have a value in the“region of 2-3ns (provided k
k “) Reference to the decay data of Table 6 for these
b?bck copolymers or those reported for homopolymers and
random Styrene copolymers reveals that XA, in all instances
is much greater than A  and of the order of mapnitude
observed for that of excimer from decay analysis in the
spectral region of excimer emission,

(2) Recent work in which the emission of styrene sequences
was quenched by intramolecular energy acceptors, discussed
helow, has shown that not only do two decay rates exist in
such a situation but that the long-lived emission is
unquenched, These observations would not be ainticipated
from the MacCallum model since the ends of sequence styrene
chromophores are located adjacent to the energy traps.
Consequently, regardless of the mechanism of energy
quenching the terminal groups should be subject to severe
quenching as a result of considerations of distance and long
unquenched lifetime,

(3) The qualitative reasoning presented in (1) and (2)

M
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Figure € Plot of relative contributions of component 1 to
component 2 vs, ratio of mid groups to end groups in the
polymer

assessment of the model, If t, and v, are associated with
excited states of the type —SSé— and -SSB-, respectively,
then the relative contributions to the decay profiles, A
rl/A Ty should be directly proportional to the ratio of Ehe
num%er of styrene chromophores situated in -5SS- triads to
that in -BSS- triads. The data are presented in Figure 6,
It is apparent that the relation between A Tl/A T, and
. . . 8 2 £

NS S/NS g is characterised by an extremely low degree o
correla§1on. Consequently, we have no evidence for the
kinetic discrimination between ercited monomeric sites in
styrene polymers which might be induced by differences in
location within the chain,

To summarise, we believe that the dual exponential decays
obtained in the region of monomer emission in styrene polymers
are not the result of the existence of two excited-state
monomeric species distinguished by microcompositional difference
but rather a consequence of the existence of two monomeric
excited states separated in lifetime through their mode of
creation: One state occurs as a result of energy absorption and
is quenched by excimer formation, The other excited state is
formed upon dissociation of the excimer, Both T values are
averaged quantities representative of the total assemblage of
excited-state chromophores within the system,

Following the above discussion it is possible %o reconsider
the nature of the molar mass dependence of excimer formation in
poly(styrene). o

Reference to Figure 5 reveals that there are two distinct
kinetic regimes, Below ca, 25 styrene units, k., [M] increases in
an almost linear fashion with increasing styrene content. Above
ca, 35 styrene units, the function k M[M] becomes independent of
molar mass, Since we have shown thaP the results are
inconsistent with the existence of two kinetically distinct
excited monomeric species in these block copolymers, it is
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difficult to explain the form of the molecular weight dependence
without invoking the concept of energy migration.

The function k., [M] is a composite term comprising a rate
coefficent k M that"will reflect contributions from exciton
migration anR micro-Brownian rotational motions of the
chormophoric groups. The concentration term [M] represents the
distribution of potential excimer sites within the diffusion
length of exciton, In the low molecular weight range the exciton
path length is defined by the chromophore block length and
consequently the kinetic behaviour is determined by the
concentration of potential excimer sites within the block. The
probability of energy trapping by an excimeric site is dictated
by the probability of excimer site creation, which, in turn,
depends upon the number of chromophore pairs within the block length.
Consequently, kDM[M] increases with styrene sequence length,

In the high molecular weight region k., [M] tends to a
constant value, which is indicative that olice the styrene
sequence length exceeds ca. 35, the probability of energy
population of an excimer site is no longer dictated by the number
of chromophoric pairs, This implies that the energy is
delocalised over an average about 35 styrene units and is limited
to this extent by an energy trapping at excimer sites, Similar
considerations will apply to the dependence of T /IM upon
molecular weight studied in steady-state excitationm,

Electronic energy migration in poly(styrene)

The phenomenon of singlet energy migration in aromatic
polymers, with trapping at intramolecular low-energy impurity
sites, has been the subject of several investigations in recent
years. No clear conclusion has been reached concerning the
nature of the energy transfer processes. Some authors have
suggested that transfer occurs mainly from the monomeric moiety
in he polymer, some have favoured a mechanism including successive
migration from monomer excimer guest, whilst others have proposed
schemes involving transfer from both monomer and excimer.

We have reported in detail results on a poly(styrene)
polymer[20] labelled with a copolymerised phenyl oxazole moiety.
Results are summarised in Figure 7, and are explicable in terms
of the kinetic scheme shown in Scheme 3, where S* is the styrene
monomer, D* the styrene excimer, and P* the phenyl oxazole trap.
This kinetic scheme may be solved exactly to yield the following
forms for the decay of the monomer (iS(t)), excimer (iD(t)) and

label (iP(t)): *
is(t) = Al exp(—Alt) + A2 exp(-Azt) (9)
ip(t) = Ajlexp(-ayt) - exp(-)t)] (10)

ip(t) = A, exp(-)t) + Ag exp(=2t) + Ag exp(-agt)  (11)

where
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AI,Z = 1/2[(X + Y + kPS + kPD) + {(X + kPS -Y - kPD)
1/2
+ AkDSkSD} ] (12)
X = kS + sz (13)
Y = kD + kSD (14)
A3 = kP (15)
x _ Kps "
I —=>D
SD
kg Kpg kpp ko
b 3
p
Scheme 3

The pre-exponential factors A,, A,, ..., A, are complex functicns
of the individual rate constaiits In the kinetic schene together
with the initial excited-state concentrations,

The experimentally observed decay profiles recorded at 290
and 425nm (Figure 7) may be associated with the proposed decay
functions for S$* and P* (equations (9) and (11), respectively).
The decay at 325nm will be described by a combination of
equations (10) and (11) due to the spectral overlap of excimer
and label fluorescence at this wavelength. Thus a triple
exponential decay scheme is predicted in good agreement with the
observed decay.

From equation (12) it may be shown that:
M FAy = X+ 1)+ kpo + kpp (16)
Arg = (X4 kp) (Y + kpy) = Kok, (7

For poly(styrene), with no POS label, the fluorescence decay may
be characterised by two decay parameters A and Ay where:

ApHdy =X+ Y (18)

A, = XY - kDSkSD (19)
Combinations of equations (16)-(19) with the values of 1
(from the present work), and Ar Ao kDS’ k D* X, Y (from
previous studies above[l2], yieldeg the fol%owing values for kPS
and ka:

8 -
kPS = 3,6 x 107 s

9’

1
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8 -1
kPD = - 0,05 x 107 s

The following conclusions mzy be drawn from the above results.

=0

(1) Fnergy transfer does occur from the poly(styrene)
polymer to the guest POS moities.

(2) Energy transfer to the guest species from the monomer
is more important than from the excimer (kyq >> ky, ). Time-
resolved fluorescence spectra demonstrate, however, that
the excimer is involved, in some respect, in the activation
of the label, since the excimer lifetime is observed as a
component of the POS decay curve, Results from the kinetic
analysis (kpe >>k,,) would suggest that this is due to
reverse dissodciation of the excimer to re-form excited
monomer which then activates the label, rather than direct
excitation of the POS from the excimer,

(3) Tt is perhaps surprising that energy transfer to the
POS label is less favoured from the excimer than from the
monomer given the fluorescence decay times and spectral
overlap of these species., One possible explanation is that

1O

Tins| A
14-83 [O-156

P¥ excited directly

Tls| A

O-70{-0-225
1:65} 0700
1316} 0-033
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©-681 1-38
12-15 |0-017
Figure 7 Fluorescence spectra and decay characteristics of

POS contzining poly(styrene). M*, styrene monomer region,
dual decay kinetigs. D¥, styrene excimer region, triple
decay characteristics (double fit shown does not correlate
with other wavelengths, thus meaningless). P* is POS
fluorescence, triple decay characteristics when styrene
excited (see box), hut single, T = 1,6Rns when excited
directiy. FEGS is early-gated time-resolved spectrum which
matches closely spectrum of D* excited directly, and
difference between late-gated spectrum LGS and known
spectrum of D¥*,
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the concentration of excimer sites in the polymer is low
compared to the monomric chromophores. 1In this case the
high vield of excimer to monomer {luorescence observed for
poly(styrene) must imply singlet energy migration in the
polymer so that any exciton may have a reasonable
nrobability of encountering a potential excimer-forming
site,

(v) Fluorescence anisotropy measurements in poly(styrenc)

As outlined above, the time-resolved results obtained on POS
labelled poly(styrene) suggest that enerpy migration perhaps
occurs in poly(styrene) in dilute solution. This hypothesis is
inconsistent with earlier reports that the fluorescence of
poly(styrene) is polarised, even in dilute solution[22,23], This
conflict of opinion has led us to a brief investigation of the
steady~state and time-resolved fluorescence of poly(styrene) in
dilute solution[24], Steady-state fluroescence polarisations for
poly(styrene)-POS polymers and for poly(styrene) were measured on
a llitachi Perkin-Elmer MPF-4 instrument using INP'D (Polaroid
Corp.) polarisers.

In the two types of experiment (laser excitation and steady-
state [luorescence), polarisations were corrected for anisotrony
produced by the diffraction gratings of the monomchromator. In
the laser experiment, a dilute solution of toluene in
dichloromethane was used to determine the instrument bhias for
polarisation at 335nm, In the steady-state experiments, the
correction for anisotropy, which is wavelength dependent, was
measured for each cxperiment, The degree of polarisation is
defined by

Ty = Gelyy

——— (20)

Tyy + Gelyy

where G = I{V/I{ is the correction factor for the anisotropy
induced by the instrument, and V and ll refer respectively to
vertical and horizontally polarised excitation or analysing
polarisers, As a check in the methods used, the polarisation of
an aqueous solution of fluorescein (10_) M, 220C, pH = 7) was
found to be 0.017 + 0,005, in good agreement with pvblished data.
Measurements on IS and POS are recorded in Table 7, The
following points can be made:

(a) In poly(styrene), excimer emission is completely
depolarised.

(b) In the POS pblymers, selective excitation of the
styrene moiety at 205um results in complete depolarisation
of the excimer emission at 335nm and of the phenyl oxazole
trap at 380nm. The small increase in measured polarisation
over that in PS itself at 335nm is due to a very small
amount of direct excitation of the oxazole moiety in POS
polymers (see Figure 7).

(c) Direct excitation of the oxazole moiety at 320nm yields
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a measureable polarisation., This is entirely compatible
with time-resolved measurements of anisotropy of POS
polymers excited with a dye laser at 300nm (Figure 8) which
show a decay from an initial value of 0,4 to zero, This is
compatible with segmental motion of the polymer causing
time-dependent depolarisation when the trap is excited
directly. Following excitation of the styrene moietv
however, the time-dependences of oxazole trap fluorescence
polarised parallel and perpendicular to excitation
radiation, on a time-scale longer than 200ps, were
ANISOTROPY PPO/POLYSTYRENE AT S@@NM
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Figure 8 Time-resolved anisotropy, r(t)[I (t) - 1 (t)]/
[T (t) + 2I (t)] for poly(styrene) with POS label; label
excited directly at 300nm,

identical, in agreement with observation of total
depolarisation in the steady-state experiments[25],

These results are then in good agreement with those of Gupta

et al[26], but directly contradict those of MacCullum[22,23]. We
do however feel that in view of the inconsistencies in published
data to date by this author, which were not commented upon: and
the agreement here between time-resolved and steadv-state
measurements in the present experiments, the results here are
rorrect, and establish with some certainty that under the
conditions of our experiments, electronic energy transfer does
indeed occur in poly(styrene),

*
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Table 7 Degree of fluorescence polarisation in
poly(styrene) solutions[24]

Method Sample Aexc./nm Xem/nm P
Laser PS 257.25 335 0,005 + 0.050
Steady-state PS 265 335 0.005 + 0,020
Steady-state POS 265 335 -0.006 + 0,020
(0.0587%)
POS 265 335 0.026 + 0.020
(0.11%)
POS 265 335 0.027 + 0,020
(0.504%)
F
Steady-state POS 205 380 0.040 + 0,020
(0.058%)
POS 205 380 0.047 + 0,020
A (0.11%)
POS 265 380 0,048 + 0,020
(0, 5047%)
Steady-state POS 320 380 0.135 + 0.020
(0.058%)
POS 320 380 0.134 + 0,020
(0.11%2)
{
POS 320 380 0.144 + 0,020
(0.504%)
+
1
27




4, Model compound studies

In elegant work, DeSchryver and co-workers have explained
the observation of complex kinetics of fluorescence decav
observed in vinyl aromatic polymer in terms of emission f{rom
racemic and meso stereo-isomers of 2,4-disubstituted pentane
model compounds. We have recently begun a programme of work on
simpler models, 1,-3 di-aromatic substituted propanes. We
recognise that these are not ideal models for polymers since they
do not have asymmetricallv substituted carbon atoms, but, since
they represent the simplest possible linked systems capable of
excimer formation, we wished to study them in the same detail as
the polymers. The compounds studied, aa dinaphthyl propane I,
of ~dinaphthyl propane II, and gg dinaphthyl propane T1I wvere
subjected to preliminary investigation in dilute solutions in
tetrahydrofuran (THF) and methylene chloride (CH2C12). Steady-
state spectra are shown in Figure 9[21].

©)
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Figure 9 Steady-state fluorescence spectra {or I, I1I and
II1 in dichloromethane solution

Fxtensive measurements of fluorescence decays shows the
following features:

<
(1) T in the THF oheys Birk's kinetics (Scheme 1) perfectly
(see Table 8) for excitaton at 300nm,
(2) 1 in CH,(Il2 displays very complex kinetics for
excitation aé 257.25 or 300nm, with two-component fits
generally incapable of reproducing experimental decay curves
(Table 8).
(3) II in THF exhibits a single extremely long-lived (x »

100ns) component., In CH2C12 at 300nm excitation this is
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reduced to v 13.8ns. For 257.25nm excitation in CHZC]
kinetics become more complex,

(4) 1IIT1 in THF displays complex kinetics, with the 100ns
decay time observed in ]I prominent.

(5) IIT in CH,C1, at both excitation wavelengths exhibited
very complex Kinétics (not shown in Table 8).

2

It is clear that the excimer formation and decay in these
simple systems is very complex, and much further work will be
required to gain a thorough understanding of the process
involved, This work is currently in prqsrecS.

We have also reported briefly on the photophysics of polv-N
(9-carbazolyl) carbonyl-l.-lysine (PKI.), a conformationally 'pure’
polvmer[28].

Table 8 Decay characteristics® of model compounds T, II
and ITI in solution{21]

Compound ana Apmc Solvent Al T A2 1, A3 Ty XZd
(ni)  (nm) (ns) (ns) (ns)

1 300 345 THF 0,97 15.8 0.10 39.4 - - 1,20
1 300 450  THF -2.49 16,0 2.58 38.0 - - 1.4l
T 300 320 CH2C12 1.38  6.20 0,17 13,20 - - 1.22
1 300 450 CHZFIZ -2.3 6,069 2,48 25,24 - - 1.39
I 257,25 320 CH2C12 0,25 6,05 0,033 11.66 - - 1.12
I 257.75 450 CHZC‘Z -0,25 7,03 0,30 29,01 - - 1.3
v 257,25 320 (sz(IlZ 0.75 0.5 0,013 14,41 0,07 1,08 1,04
1T 300 345  THF 0.41 100,75 -~ - - - 1.1
11 300 350 (:HZ(II2 1.50 13,78 - - - - L.10
11 257.25 350 (Jllz(,‘]2 0.20 13.5 0,05 - - - 1.09
It 300 345 THF 0.91 5.6 0,02 100,99 0,03 37,63 1.2

111 300 450  THF -0.78 5,1 0,62 100.3 0.3 36,2 1,76
ITI 257,25 310 CNZCIZ 0,38 3.33 0,009 33,25 - - 1,17
111 257.25 450 aCr,  -0,19 2,49 0,12 60,78 0,09 18,40 1,31

a Decay curves fitted to functions of the form I(t) =L A, exp(-t/t,).
FExcitation wavelength. ! t
Fmission wavelength 300-35%0nm corresponds larszely to monomer region,

80 excémer region,
and Fitting parameters, cf, Reference 1,
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5. Time-dependent fluorescence anisotropy measurements

The methods used to measure time-dependent fluorescence
anisotropy in poly(styrene) discuused above are outlined below,
It should be stressed that these methods are not trivial, and
great thought has been given to accurate measurements(29,70],
The methods are outlined fully in Apvendix 2, and will not be
repeated here. The time-dependence of the anisotropy r(t) is
defined below, and can in principle be used to monitor molecular

r(t) = (I(l(t) - {L(t))/ll‘(t) + 2[1£t) (21

-t/ 1, .
=r ya., e ! (22)
o i

motion. At the outset of this work, a study of the literature
F revealed many unsatisfactory features, There appeared to be no
eeneral agreement upon how properlv to carry out the experiment,
and interpretation was difficult, Huch of the work described
here consists of a critical evaluation of methods and
applications to two polymers systems in solution, polv(methvl
methacrylate) PMMA covalently labelled with poly(l-vinvl
1 naphthalene) and poly(acenaphthylene) respectively, Anisotropy
is a more useful parameter than degree of polarisation an
defining order and motion in molecular systems in that for
fluorophore which decays exponentially with a single component,

The resulting anisotiopy constructed trom independent
measurements of the fluorescence parallel I‘,(r) and

perpendicular I13(t) to the plane of polarisation of excitation
radiation is independent of the decay time of the fluorophore,
{ For systems which decay with dual (or more) components this is

not necessarily the case, although it would be if the motionalg
properties of the two fluorophores giving rise to the two decay
components were identical, Since there is no a priori way of

1 ascertaining this, it seems prudent to employ fluorophores which
are indeed single component, To assist in this a critical
evaluation of the decay of standard substances which can be used
to test single or dual exponentiality has been carried out[31],

Details of time-resolved anisotropy can also be obtained by
deconvolution of individual T ,y{(t) or [L!L) measurenents, or
difference measurements defined helow

1y () - oty o, T YATE (2%
i
_. *t/t; 5o “t/ .
{ I (t) = e t (l—r”ifaio L (24)
I‘|(t) - [th) = I3r o_l/‘F (rU i ay O_L/Ti) 25)

O .
! i

In these cases analysis of l||(l)land I2(t) are veichted, ns
o s o L= -
usual, by Poisson statistics (wi = li ). tits of Ty - IJ_nnd
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correlation times given in Tables 11 to 15 indicate that
segmental motions are responsible for depolarising the
fluorescence., Consequently these time constants (1
infact true rotational correlation times since

are not
rpt) ) '

1 =

+ (28)

r-d|._.

1
TRot Tseg mac

where L is the segmental rotational correlation time and T
the rotit¥onal correlation time for the motion of the entire
nolymer, however, as the polymers used were of high molecular
weights, it is possible to ignore the contribution from the Tn
term, that is

mac

ac

TRot Tf;og (29)
Table 11 Summary of the anisotropy and {luorescence decav
parameters for PMMA/ACE in dichloromethane at the
temperatures considered

- LE 0 :Rot
/k /ns /Qs
295 + 2 15,5 + 0.1 .13 + 0,0) 1.3 + 0.1
275+ 2 5.7 + 0,1 0.13 + 0,01 2.2 + 0,2
260 + 2 15.4 + 0,2 0,13 + 0,01 3.2 + 0.5
45+ L 19,5 + 0,2 0.13 + 0.01 4,5 + 0,7
20+ 2 15,60 + 0,1 0.11 + 0.02 5.6 + 0.7
Table 12 Summary of the anisotropy and fluorescence decav
parareters for PHMMA/I-VN in dichloromethane at the
temperatures considered
| 1. r 1
- L o _Rot
/K /&S /ns
S0 4 2 15,9 + 0.4 0.15 + 0.01 1.3 + 0.2
+
5+ 17,6 + 0.2 0.16 + 0.01 2,2°+ 0.5
200 42 15.5 + 0.1 0.14 + 0,01 2.7 + 0.3
245 402 1.4 + 0,1 01% + 0,01 3,6 + 0.5
S 2 1.4 + 0.1 0.16 4+ 0,01 4,9 + 0.7
3h




Table 13 Sumamry of the anisotropy and fluorescence decay
parameters for PMA/ACE in dichloromethane at the
temperatures considered

T TE r TRot
/K /hs /Gm
295 + 2 17,4 + 0,2 0.10 + 0,01 0.8 + 0.3
260 + 2 17.4 + 0,3 0.10 + 0.01 1.3+ 0.2
245 + 2 17.4 + 0.3 0.11 + 0,01 1.8 + 0.3
230 + 2 17.5 + 0.3 0.12 + 0.02 2.5 + 0.3
Table 14 Summary of the anisotropy and fluorescence decay
parameters for PMA/1-VN in dichloromethane at the
temperatures considered
T
I 1[ To _Rot
[k [os /s
295 + 2 15.1 + 0.1 0.13 + 0,01 0.5 + 0.1
275 + 2 14,9 + 0.1 0.13 + 0.01 0.8 + 0.1
260 + 2 14.8 + 0.1 0.14 + 0,01 1.0 + 0,2
245 + 2 14.9 + 0,1 0.14 + 0,01 1.3 + 0,2
230 + 2 14,9 + 0,1 0.15 + 0,01 1.7 + 0,3

The 1-vinyl naphthalene chromophore, unlike the
acenaphthalene chromophore, is capable of motion independent of
the polymer backbone. It is rather surprising that the
anisotropy decay for the l-vinyl naphthalene labelled polymers
takes the same form as the anisotropy decay of the acenaphthalene
labelled polymers., It is even more surprising that rotational
correlation time a I-vinyl naphthalene labelled rolvmer, at a
given temperature is within experimental error cqual to the
rotational correlation time of the corresponding acenaphthyvlene
labelled polymer, There are three possible, not necessarily
exclusive, explanations: ,
a) The independent motions of the chromophore are too fast
to detect, The effect of such motions is to lead to
evaluations for the initial anisotropies which are too low.
However as the initial anisotropies obtained for he polymers
used in this study are in excellent apreement with values
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Table 15 Summary of the activation energies for the
segmental rotations and conformational changes labelled
poly(methyl methacrylate) and poly(methyl acrylate) in

dichloromethane

Polymer Activation energy Activation energy
for segmental for conformational
motion (Eseg) changes (Econ
KJ ﬂ'lOl_1 KJ mol—l

ACE/PMMA 13+ 4 5+ 4

1-VN/PMMA 12 + 2 4+ 2

"PMMA! 12 +3 4+ 3

ACE/PMA 9+ 4 1+ 4

1-VN/PMA 10 + 2 2+ 2

"PMA’ 1+ 3 3+ 3

auoted for similar polymers in rigid glasses at 77K this is
not thought to be the correct explanation.

b) The rotational correlation times for the segmental
motions and the independent motions or the l-vinvl
naphthalene chromophores are sufficiently similar, over the
temperature range considered, to be irresolvable.

c) The 1-vinyl naphthalene chromophores are prevented from
performing any rotational motions independent of the polymer
hackbones due to steric hindrances. It is felt that the
steric hindrances required to completely eliminate all
independent motions are not present in the polymers
considered.

d) The fluorescence polarisation properties of the l-vinyl
naphthalene chromophore are explained in terms of two
emitting transition dipoles. These transition dipoles are
aligned parallel and perpendicular to the bond about which
the chromophore undergoes independent motion of the polymer
backbone,

Rotation about this bond can not lead to these two
transition dipoles interchanging their directions relative to the
volymer backbone, for example, the chromophore cannot rotate into
a position where the lony axis polarised transition moment is
perpendicular to the polymer backbone. Consequenily for the 1-
vinyl naphthalene labelled polymers, as with the acenaphthylene
labelled polymers, it is only segmental motions which lead to
depolarisation, This explanation does not take into account any
'rocking' motions of the l-vinyl naphthalene molecule which would
lead to {luorescence depnlarisation, 1t is thus thought that the

latter is the correct explanation with, perhaps, steric effects
preventing the rocking motions,
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.4

For each polymer sample the activation energy for
scgmental motion was evaluated from a linear regression of In
Toor O1 1/T. Results are summarised in Tables 16 and 17, and
compared with literature values,

The activation energy for segmental rotation (H;ev) is
dependent upon: S€h

a) The activation energy for the conformational chanpes
required for segmental motion (F ).

b) The activation energy for vi&€Bus Tlow of the solvent (1),

The relative contributions of the above to the scgmental
(total) activatoin energy has been treated theoretically, the
basis of which was Kramer's theory for the diffusion of a
particle over a potential barrier, by Helfand. The rate constant
(R) for segmental motion, or the rate at which substituent groups
on a polymer backbone diffuse over a potential barrier, was found
to be given by:

1/2]—1

exp(- Iicon/RT) (30)

K = [Y/12n2a}][1/2 +(1/4 + nw/(()na})z)

wvhere v is the force constant for the potential barrier, m the
mass of the particle, a the hydrodynamic radius of the particle
and p) is the viscosity of the solvent., In the Jimit of high
viscous damping, that is when

>> o !
1/4 9 (31)
(6“n})
Fquation (30) simplifies Lo
2
- 2 _F .
k = v/(12n 37) exp( nseg/RT) (32)

If an Arrhenius dependence of ? upon temperature is assumed then
equation (32) takes the form

= -(F Fa)/RT 33
= e ennl=(Egy, + Fg)/RT] (33)
where C is a constant, Thus the total activation energy for
rotational motion is simply (in the limit of high viscous
damping) the sum of the activation energies for segmental motion
and viscous {low:

F'seg = F’con + 7

It should be noted that there are two cases where the above
treatment can not be used to remove the effect of the solvent:

(34)

a) If the solvating power of the solvent changes
signilicantly with temperature., Non-lincar Arrhenius plots
of the segmental rotational correlation times of high

39




molecular weight poly(styrene) in cyclohexane, for example,
is attributed to the increasing solvent power of cyclohexane
with increasing temperature, If the solvent power of a
solvent does change with temperature then as the temperature
is reduced polymer-solvent interactions decrease resulting
in the polymer chain adopting a more tightly-coiled
conformation., This leads to an increase in the intra-chain
steric interactions which oppose sepmental motion and hence
the segmental rotational correlation times are greater than
expected,

b) If activation energies for conformational changes of a
polymer in different solvents are compared they may not
necessarily be the same. In different solvents polymers
adopt different conformations depending on the relative
magnitudes of the polymer-polymer and polymer-solvent
interactions. In thermodynamically 'poor' solvents a
polymer will adopnt a tightly coiled configuration (due to
the dominance of the polymer-polymer interactions), whereas
in 'good' solvents they fully extended. Consequently intra-
molecular steric interactions are greater in 'poor' solvents
and so higher activation energies for conformational
changes, as compared to those in ‘'pood' solvents, are
observed,

A linear regression of 1n(1/3) on (1/T), gave a value of
8.2 KJ mol™" for the activation ehergy for viscous flow of
dichloromethane., This value enabled, by application of equation
(34), the activation energies for conformational changes
required for segmental motion to be evaluated (see Table 17) from
the activation energies for segmental motion. It is clear from
Table 17 that for both poly(methyl methacrylate) and poly(methyl
acrylate) segmental motion is, to a high degree, solvent
controlled; the activation energy for viscous flow represents
approximately 707 of the segmental (total) activation enerpies.
Consequently the activation energies for the conformational
changes (approximately 307 of the total activation energy) are of
the same magnitude as the associated errors. As no error was
assumed to be associated with the value for the activation energy
for viscous flow the errors, for a given sample, on the segmental
and conformational activation energies are identical.

Table 16 compares the values obtained in this study for the
rotational correlation times at 298K and the activation energv
for conformational chanpes required for segmental motion of
poly(methyl methacrylate) and poly(methylacrylate) respectively
with values quoted by other groups[34-36]. (In all cases the
polymers used were of sufficiently high molecular weipghts so that
the 'observed' segmental motions were independent of molecular
weight), Dilute solutions of the polymers were used in order to
minimise inter-chain interactions. It should be realised that:

a) The segmental rotational correlation times of a given
polymer in the two solvents may not be directly compared.
However rotational correlation times of a poiymer in toluene
obtained by the different techniques (e.s.r., dielectric
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relaxation and fluorescence depolarisation) it is possible
to discern whether the different techniques are 'sensing'
the same segmental motions,

b) Dichloromethane and toluene are thermodynamically 'good'
solvents for poly(methyl methacrylate) and
noly(methylacrylate). Consequently, in these solvents
poly(methyl methacrylate) and poly(methylacrylate) adopt
fully extended conformations., The conformational changes
required for segmental motions and hence the activation
energy for conformational changes should be approximately
the same,

It is felt that the two techniques are sensing different
motions and that the agreement on the value for the rotational
correlation time at 298K (in toluene) is coincidental, To a
certain extent tle results from the experiments on
poly(methylacrylate) substantiate this explanation, It is rather
surprising that these two techniques give such differing results
as, in this particular instance, they are extremely similar, In
the dielectric relaxation experiments the motion of electronic
dipoles residing on the ester carbonyl groups are monitored;
these dipoles have components parallel and perpendicular to the
polymer backbone. This situation can be seen to be directly
analogous to the fluorescence anisotropy experiments carried out
in this study.

Poly(methyl methacrylate)

The values for the rotational correlation times at 298K for
this polymer in toluene from fluorescence anisotropy (both steady
state and time-resolved) and dielectric relaxation measurements
are in excellent agreement, It can thus be concluded that:

a) The two techniques, in this particular example, are
'sensing' the same motion in the fluorescence anisotropy
experiments.

b) The segmental flexibility of poly(methyl methacrylate)
was not influenced by the presence of anthracene,
acenaphthylene or 1l-vinyl naphthalene probes, The dielectric
relaxation experiments did not require the polymer to be
labelled). The rotational correlation time obtained by
e.s,r, spectroscopy is an order of magnitude less than the
dielectric relaxation/

fluorescence relaxation value., This disagreement is
attributed to a rapid rotation of the spin labei (a
piperidinyl ring) abqut either the bond between the ester
carbon and the oxygen atom (to which the label is attached)
or between the oxygen atom and the spin label in addition to
the segmental motion., The activation energy for the
conformational changes evaluated by this technique (in this
particular example) must be considered to be in error.

It is unexpected after the agreement on the value for the
rotational correlation times at 298K in toluene that the

b,




dielectric relaxation and fluorescence anisotropy techniques give
such different values for the activation energy for the
conformational changes required for sepmental motion, There are
three possible explanations:

a) The two techniques are monitoring different segmental
motions,

b) The presence of the fluorescent probes modify the
segmental motion, (It should be remembered that the
acenaphylene probe is capable of motion independent of the
polymer backbone whereas although the l-vinyl naphthalene
probe is capable of independent motions these motions do not
lead to depolarisation of the fluorescence)., The effect of
the nrohes would tend to increase the activation energy
required for the conformational changes due to the extra
enerpy required to overcome the effect of solvent drag on
the fluorophores. Even if the polymer adopted a different
ronformation in the vicinity of the probes to accomodate
their presence it is not conceivable that this would lead to
such a large decrease in the value for the activation
enerey,

¢) The fluorimeter and analysis procedures used could not
accurately resolve the rotational correlation times., This
interesting but clearly controversial and unresolved feature
of the work is currently being studied further,

L2




6, Poly(diacetylenes)

Although not specified in the original proposal, these
one-dimensional polymers are of such current interest, the work
below was undertaken in collaboration with Professor D, Bloor,
Queen Mary College, London,

The aim of this part of the project was to establish the
nature, dynamics and decay of excitons in poly(diacetvlenes).
Little work (both experimentally and theroretically) had appeared
concerning the behaviour of excitons in conjugated polymers.

This knowledge is an important factor in a proper understanding
of the interaction of free carriers and excitons, which have
been shown in other materials to form bound states,

The proiect this necessitated experimentation to elucidate
the conformation ol PDA chains using light scattering, nmr
spectroscopy, Raman spectroscopys; and then separate measurements
of fluorescence decay measurements, The PDA backbone VI has in
the sround state a con jugated m-bond structure, the absorption of
which is excitonic in character,

{RC -C=C - CR'i]:n VI

9PA R

R' = - ((fHZ)() - 0CO - CH 53 2 MIIF = 2 methyl
- tetrahvdrofuran

4BCMU R = R’

- ((IHZ)A - 0CO NH ()(I()('AHO

Macroscopic single crystals of PDA fluoresce only weakly, but
deformed systems have been shown to fluoresce, Thus PDA
solutions and films have f{luroescence yields in the range 0.001 -
0.003, and absorption spectra in the range 1.6 to 2.5 eV,
devending upon the degree of disorder. Absorption and
fluorescence spectra, from this work are discussed below in terms
of the chromism observed., The two systems studied were 9PA, and
4BCHU with R groups defined as above,

Fxperimental observations

Low temperature PDA glasses

Rapidly freczing yellow YPA/2MTHF  or 4BCMU/2ZMTNF [3R8,39,40]
solutions (Y-phase) results in a clear glass with a pink colour
at 77k (R,-phase) - (refer to Scheme 4 below). Cycling the glass
to R.T nnx requenching produces different low-temperature
spectra depending on the dwell-time at R.T., If the dwell-time is
short the solution remains pink (R-phase) and on quenching yields
ths spectra in the R,-phase. If the dwell-time is long or if the
solution is warmed to the Y-phase, then on quenching to 77K, we
obtain once again the RY-phase spectra., Spectra are shown in
Figure 11,

L3
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Scheme 4 Temperature dependence for 9PA and 4BCHYT in ZM1THE

4 T T

C: cool F: freeze W: warm SDT: short dwell-time LDT:
long dwell time R,T: toom temperature increasing quantum
vield ( [),

9PA glasses

The 77K spectra are consistent with an acetylenic polymer
backbone structure, At least distinct species can be identified
by studyving these spectra with emission and absorption band
oripins at approximatelv

a) 519 and S5l4nm
b) 595 and 535um
c) 010 and 560nm

respectively, The total fluorescence spectra of 9PA are more
intense at 77K than at R.T.; the increase heing approximately 100
fold. On quenching the R-phase the population of the third
species (c¢) is drastically enhanced whilst the population of (b)
is drastically reduced. It appears that species (c¢) are
apparently created at the expense of the other two species, To
explain the spectra of these conformations a small local
deformation in the form of twisting about the C=C in the

excited state is proposed., locked-in conformations pive rise

to small Stokes shifted (long-lived) species (a). Those
conformations involving large Stokes shifts (short-lived)
species arises as a consequence of twisting of the (=C in the
excited state., Time-resolved measurments will be discussed
later,

4BCMU_glasses

Whereas the 9PA R, spectra are structured with well
developed vibronic sidebahds with shifts from the zero-photon (7-
P) peak of about 1500 and 2100 cm™ characteristic ¢f the (=C and
C+C stretching modes of the acetylenic polymer backbone
structure, the 4BCMU spectra are less structured. This makes it
difficult to indentify zero-phonon bands. An analysis of the
I..T. spectra indicates the presence of at least two species with
emission and absorption bands occuring at 515 and 510nm, and 550
and 530nm respectively. The former species exhibit narrow
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Figure 11 Absorption and emission spectra of PDA's
vibronic emission when the excitation is in the region of the 7-P
peak (510-520nm). At 77K this effect is very weak for QPA; but
similar effects have been scen for 9PA glasses at 4K, This
superposition suggests that there is no fast energy transfer
hetween the polymer species responsible for these emissions.
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Conpat i <on
The coerntial dificerences hetween 204 and GBRCT aree

i) The nusber of vetbviene proups - 9PA has 9 o jacent 1o
the b bbone shilat ST has 4,
i) At ia able 1o establich hivdrogen bonds between the
sideproups parallel to the main chain,
Figure 4 of Apvendix 11T chows the o
Boophases tor two ditferent copcontrations,  One can irmeddi ol
)

notice the presence of o clarp peal araand 51 Yor ARCYYT and

dion spectra of the Pooand

St for 9PN and precence ot o vibhratjonal featnrec for A
cpectra in both the Booand Poopleces o the Tow enerey regsions,
Be coptrast the SECO  vpectry are viore hlue-shiftedy the enicsion
arising fror the second species being very wealk indeed,  Thi
aunin cnceests that the degtee of order eatablished in bttt i
hinher than that in 2P cince we oxpect o decrease in
Pluorescence quantum vield with ordery i.e. the precurcar
responsible tor the B15/5109 coission bas o hivher quantum sield
than that responsible tor the redder eniccion(s), At this stage
it is difficult to identify the nature ot the 515/ 5nm enitting
species which ceemns to show very Tittle ecneryy transfer to the

fonver sepment < and exhibitiog narrow vibronic emiscion at 77V in
ATCHY and ot AF in OPAL There are several possibilities {or this
precursor,  these include chain ends) non-planar contormat fona,
for exanple, cis-lielix or a buckled trans-contormition lacked-in
bv sidegroup interactions, and interchain contacts,  turther
experiments are in hand to try to distinguish hetween these
possibilties,

The nature of the chromism in DA's

Soluble PDATs with nrethane containine sidevronps are Foown
to display a visual batho-chromic shitt when conditions are
altered to tavour the foreation of hivdropgen bonds hetwveen the
sidegroups (parallel to the main chain),  This effect was
attributed to a conformational change of the backhone in terme of
the extent of delocalisation of the -hond[A0 4110 A cancept ot
ef fective conjupated lenpgth was invoked by Climce and coworkers
and others[42-4%] to explain this etiect,  The hlue-shitted
species is thought to be o distribution of stiort con jusat ed
sepments,  Chromism is achicved by oither cooling or adding a
poor or non=solvent to a solution in pood solvent or increasing
the concentration of the polyuer,  [(n the cioee of witer-sotable
PDAYs, pll changes favour the formation of COOH terminal oroups
and the establishment of hydrogen bonds{4an],  The formation ol
hydrogen bonds was idemtified by others as the essential drivio
force hehind such o transition from a random coil to an extended,
rigid-rod conformation which was proposed to account for the
change in the absorption spectrum,  However our investipations on
the soluble PDA discussed above, 9PA (containing lonp paraflinic
sequences in their sidepronps) show that this material also
exhibits chromism, Unlike the urethane containing sideproups the
sidegroups of 9PA do not interact strongly through hydrogen bond
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thic stage we il net comment on the strocture of the b b lape

in the various phases face helow)y FRA O with 7 Ts d juent to
this bubbone ceern to be exceptions, andervoine very lTittle colanr
chonee gpon extraction of the untescted ponporer . Lith wodations
thew exhibit o aellow-to-hilne colonr trancition when underaoing
this chromic effect,  Proeptions, however, do oconr whereby
S TDAT S do ot reradn blue vipon estiactton ot the unneoacted
ponamer,  In these conen, one pay Hind that there po stedic
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Lo bbone nnperturbed,  The v jority of DA s, hosever ) paeler the

Pt terse couformat inn,
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On the batis of the data presented above one can postualte a
cartelation relting 'llli"l/v!i:»r\lllr‘.’, fluntescence yietd,
abaorption profiles and extent of exciton-phonon coupling for the




ditterent backbone contipgnrations,

. M .
t-phine SO0 + Thnm I ~exciton
\ S A :

Feptise 0 4 Thnm R -exciton

C - M .

[ e G610 4+ 1onm B-oxciton

P it berent phases will be Tabelled with different type of
cxcitors e ociated with they,  The H o superscript refers to room
Pesperature excitons,  The -exeitons are expected to bhe very
thtctropte o coherent since I'DA crystals are highly

i otropic . The other excitons are expected to be less coherent

Sotht excoatamiarat fon o pay oce nr”Iv}' hopping as well, Of
Coapeey tiee evtent to which these Yo -excitons are localised i

13 oprobabts over -7 repeat units,  Figare 12 shows the
theses et poned correlaljon,

| PR S R TR

Lorav o studies revesl that the macroscopic single PDA

e tale love the didevroaps attached to the backbone in an all-
troane condarriation, 1 one conpaares the P-phase absorption
pectra o AR and 9PA obtained after addition of a poor
colvent (Hexane) to o colution of good solvent (CHOL,), one will
net e that the relative intensitios of the vibrational sidebands
fve e conpared to the rero-phonon bands (Z7.P.B.'s) are
Jitterent, we can cav that the 4B is more ordered than the
YA Cnce we Fnow, from resonance Raman studies, that the more
ardered polyveer backbone have weakly associated V.S,."'s, Recent
“tadies on PPCT PDA clearly show that red polymer solutions have
different absorption profiles (viz. the ratio of the heights of
the S0P s to the V.S, 's) as a result of the extent of
Lovoveneity dpposed onto the backhone. HNevertheless, all these
“pectra show an absorption peak or shoulder at 540nm,  However,
et would expect a decrease of the fluorescence yield with an
increase in the exciton-phonan interaction and fluorescence yield
vt the extent of the Tocalisation of the exciton wavefunction,
Bespite this compeling process, the fluoresence quantum yield
reagured tor the Y & R phases are low, ca. (L 1-0.3% and less than
107" for the B-phase,  The non-radiative relaxation process in
FIA chadns fs theretore extremely eflicient,  The nature of this
non-radiative decay channel is still knot known, One possibility
in the ocourence of rapid intersystem crossing from the singlet
exciton to the lowest triplet exciton, Results for other linear
con jugated nacronolecnles suppest that this rapid intersystem
crossing can anly occur by singlet-singlet fission with the
resulting triplets likely to decay rapidly by phonon emission
since the backlhone phononse tange up to 0,270 eV in enerpy,

N e
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Lifetime measurements in PDA's

We have used laser excitation to study f{luorescence decay of
the PDA 1OH in pure crystalline form[52,53], Results are shown
in Figures 13,14,15 and for room temperature and 77K
respectively, From a modified version of a theoretical treatment
of one-dimensional diffusion[54,55], the expected form of the

. - a, where a = 0,45, Results here are best fitted by
decay is exp t

& = 0,425, satisfactorily close to the theoretical value.
In glasses, the decay parameters have been shown to be much
nore complex, and this aspect of the requires further effort and

support,

(iv) 4,4'-diphenylene di phenyl phenyl vinylene[56]

In collaboration with Dr J, Feast, University of Durham, and
Dr Richard Friend, University of Cambridge, we have contributed
briefly to the investigation of fluorescence in another conducint
polymer poly(4,4'-diphenylene di phenyl vinylene) (VI1) PDhPV,

@

PDPV is a soluble conjugated polymer that shows a degree of
conjugation similar to that in poly(paraphenylene)., The optical
properties of thin films exposed to AsF_ show the appearance of
features below the m-u* gap at 3eV that can be interpreted in a
model of dopant-induced polaron and bipolaron defects., When
excited above the m~7* pap, PDPV shows a strong luminescence
peaked at 2,4eV, The Stokes' shift of leV can be accounted for
by radiative decay from photogenerated polaron-exciton defect.

However, this explanation of the observed cffects may not be
unique, and further work is being carried out to elucidate the
cause of the very large Stokes shift in fluorescence. The
quantum yield of fluorescence has been shown to be of the order
of 0.01, with a decay time of around 100ps, This work will continue,
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This treatment neglects diatortions introduced by the detection
systen, considered below,

Suppose that H(L) is the S—pulse recponse of the detection
systen, and P(t) the neazured time profite of the purp pulse, i,0,,
the instrument responsze function. I'(t) is a convolution of F(t) and

H(t).
POUY = FCo) G0 ()
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value should be close ta 1y valu s of kz' murh less than 1 oare
Syirptonat ic of poor statiatics whoreas vilues much in exress of |
indicate a poor fite E all disyarted data are to be rejected we
would accept results tor which X7 is less than 1,2, whereas, if some
lovel of distortion muct be tolerited, fits with values of X less
than [.4 may be acceptable if they are iuarifivd by some other
criteria, Since acceplable values of X7 are sometimes obtained for
poor fits, it is usual to inspect a plolvof the weighted residuals for
nonranden [fuctuations,  The weighted residual in channel i is given
by

rir‘/\-;],(\'(ri)~ l(ti)) (10)

It ie generally dens ditlicult to detect small deviations of the
fitted yrom the oboorved curve in a plot of rova, channel nimber
tather than ion the more troodditional visual inspection of the two
curves TOL) gnd (), An even pore sensitive plot is that of the
4n!u(ulrwl*limn function of thee voiphited residaals,  The correlation
of the rexideal in chnmel 4o with the recidued in channel 14§ is

cncsol over oaoember of chanuelay o, and normalized, i,e.,

I b !
[
I ' ot
1 ot
i "
U e e (i)
T
n., ;
1 t
. 1
nedoy
thie coprecion b, - o, vt b, the total masber of channels in
) ) ; : i : o
cocbion of the des oy dieed o the Bty An o upper Limit, nmmally
icopat o on oo that the mrber of terms, mo- o, -, suened in
prerncior b i bicient 4o ojve proper averagine,  According to
bt doge 011t -l hea swecenstul Fit Co0 for )= 0 is randomly
ro Ti.oL :
coattersd about cero althoushy becjuse of the finite value of m, sone

Bici fresmencoy Tow ptitude fluactustions are pencrally ohserved,
The e cleqr by dictongaichable from the Lype of correlation
tredicat ive of an dneocrect fittinge function or of dictorted data,

Bolavionts boed ondnspectven o tiee atorenent foned plots are

cabect e the dneviiable i o it with s e tive teat

.
Comr et b e ben byt the P e St eon prvaeeter DU whielr ey in
G iong e enc it s thon 20 ta s nony andon onc il lat ions

Pt e idrad s e b e lentated e condine to the eqnation
PRI "
o r '
1 | l)
i ot |
o L S (1)
1
-
!
i "
i
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Aceeptable values for W have been tabulated for up to 100 data
points and five fittings parameters. bExtrapolation of tubles to more
data points is quite straiaht forward, On the basis of our experience
we conclude that single exponential fits yielding values of DW greater
than 1.65 are generally successful, ‘The corresponding values for
double and triple exponential fits are 1.75 and 1.8, respectively. In
addition we calculate a skewness factor, SK, given by

2 3
SK 3 (r, - 1) (13)
1 =n
{
auwd a kartosi
n. p
n‘ KZ (ri - r)‘
b=y
e (14)
n, oo
s try - DA
L=y

In these eqguations rois the nean of the weighted reciduats,  For
noreally distributed pesidools SF has oo mean of zero and o standard
deviation ot (6/n,) "7, Although ve caldantate these paranmt ers
routinely they are Jdifficult to interpret and therefore we {ind them
Tess usefol than the Durbin-Yatson paraneter,

A very useful test, paticularly when there is doubt abont the
suitability of a chosen fitting function is variation of the fitting
range.  Variation io the recovered pauraseters vhen channels
representing earlicr tines are included in the (it is indicative of an
incorrect fitting function, Vsoally, bat not always, instronental
distortions affecting the carly times data points lead to non-normally
distributed residunls bt the came values tor the recovered parameters
irrespective of the fittin rane,

These tests are applied ricnrously to all of the data oltained in
our Iahoratoriers and, we belicve, do prawit some discrininat ton between
alternative trial forms of GO}, (see below),

Expected form of G(1)

Single-exponential decny

e s perhuapey vorth <tating At the onteet the conditions wider
vhich sincle exponentiob decay should he aaticipated, Considering a
sinabe endtving conporeid in the comtensed phase, electronic excitation
will be Followed by ropid equilibotum ot viltational eneryy to produce
the Bolteemn distribution of levels from wvhich emiction ocoura,
Since the eqnitibriva which nointaine thie distribution is nanally




rapidly established compared with the timescale of electronic
relaxation processes, the depopulation of the excited state can be
represented by a single rate parameter, a pseudo-first order rate
constant nultiplied by concentration of excited species,

d[M7] = K[ ME] (15)

dt

Ve are, of course, familiar with the division of the pseudo-first
order decay constant k' into individual contributions, based upon a
sinple scheme such as that below,

T.,.
Uk hy o+ N ],] (16)
bis L0 by k. (17)
2 R
IH::: o Ty kl‘&(' (18)
li-i-’ + ) -+ Guenching k(\[()] (19)
<
such that k' = ko, + &+ Kk [Q], with the nsaal relationships below
. R fse ¥
holding. ’
N T} (20)
i R 18¢ Q

ko,
P

s

-— (21)
fo, + b N RS

oy + T+ kgleD

It is dmportant to resember that rate-constaats velate Lo

bullk propertics of wolecutar systews.  Thus lor example, a normal
therrnd bimolecular rate-constant Lor the hypothetical reaction

(22) represents the rate obscrved in the bulk, and is thus averaged
over all initial cnergy distributions in A, B, angles and velocities

A+ B C+D (22)

of approach, product internal conergy distributions, Lrajectories and
kinetic coergies, I experincmts gre performed in condi
that_these parapelers are specilicd, theo the lj_, _:' of r1eoa ]
obrerved will wot yelate to that observed in the butk phase, and way
have difterent tunctionsl |

The cormon canses of deviantions from sinpgle ex

ponent ial decay of
fluorescence i molecular asyatems has been reviewed elsevhieore |2 and

. E ’
thus a dizest only "l given here,  Priefly, these ares-

Heteroseneity

For rore than one sinnltaneonsty excited, non interact ing
species, the decay of tolal Flaorescencs will be described in

n
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principle by (22). The situatien vith two non-interacting species is

(1) =& Aic“‘/Ti (23)

1

fairly commonly met, but as the number of species increases,
interactions such as cnergy transfer are bound to hecome more
probable, complicating the kinetics (or rather simplifying them in
some concentration ranges).

In the extreme of o laree nucther of non-interacting sites, such
as molecules adsorbed on o solid surface, in defects in molecular
v be better
velipghted about

crystals or in some polynmeric species, the decay
described by a distribntion of decay tines, suitably
sorne pean value,

A recept treatment by AMbery er ol [ 3] gives a rate-paraseter k
as o distribution represeatod by

ko= exp (', x) (2/;)

Thus the decay of concentyatjon 0 of o cjecies from initial
i

concentration ('( Peoiven by
T

( = (25)
(
)
vhere
1= kU, and g (-x )ds =

The width of the distribut ion can be obtained simply by using this

. . . 1 7
analysis by meacuving U and e, the tises taken for decay by 2 and
. . . v . < . o .
initial concentration respectively, and Dgtion (20).

Y = 0292 [rg/us - ) (20)

fo o simple cases of two or three ar perhogps tongr components, the
, are

derived A, and resolved intearated areas under decay curves, 1\_1 1
respectively peasires of the initial concentration of each species
modified in one case by the radiative rate-constant, the second hy the

T (27)
P N T C (28)

quantum vield of fluorcccence,  Withont Faocdedae of respective valuos
of T, ore tor et specicny Tittbe can beoanid aboat initial
concentrat ion s,

[ i possible i favanrable canen ta deconvalve caceesstully
three conponente from a sdin b experitental curve, althouh reliance
on oo sachexperiment b cuwrve wonld e foolchardy, his is
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illustrated in Figure 2 which displays analysis by this method of
simulated data obtained by convolving three components of respective A
and 1 (shown in Table 1 as initial values), with a real instrument
response function using a cavity-dumped dye laser (see below) adding
randomr noise to simulate the experiment, and then analysing. Recovered
values of A and 1 are very satisflactory for a three component fit (2b)
but a two-component, (four parameter) [it is scen to be unacceptable.
(Figure 2a) [4].

It is very important to stress here what these simulated {ittings
mean, A triple-component, (six parameter) fit will certainly under
some circumstances simulate other, more complex forms of decay, and
thus great care musL be taken in interpretation of data using such a
model, However, we hiave shown above that the techinigque can recover the
correct [unctional fora, of the decay parameters iLe,, vhile a triple
component [it is not automatically the correct functional form, it
certainly is not auntomatically inappropriate,  Fvalaation of the data
aust rely ona range of (,‘.‘\'[?L‘K’iﬂl?[-l‘(f‘ witich test the codel oand all

Table T Analysis of sinulated three component decay curve

Faitial Poroverod
A 0,05 0,20
|
rl/nn 250 R
A .07 0.0/
L/ nn 10, G G,
A 0,005 0,005
1 )/H.‘Q A0, 000 3944
3
results mact be compat ihle with thic moded,  Inomany cazes of multiple
epecicn, pore information can be o caiped by obrervine flhnorescence in a

nrrow wavelegeth ran o, tloes redecin, o even eliain b ing contributions

from one or vore spec e, Deccrential el i of different wavelength

sions tivine decay tive coosared ot wnvelenctha shete kinetics are
simplor renders cxgraction of seltiple components easior, throush great
care pnst o be taben dnoonch o procedure. The teching e of Tglobal!
analusi

of data dn o paticnla by usefal i coach cirennstances [

cation jroo

Of the many possibilitics, that of revercibie comples tornation is
pertinent to polymcers,  The basic peneral cohere 1 Teads to the

x

.
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- . . 1, .
prediction that the decay of uncomplewced fluorophore, A%, termed hore
monomer, and, complex, “AQY, should tollow the tunctional forms shown,
Scheme 1
b k.
3
F 1 .
A+ Q - —— . (AYT)
] v, / I K [ k
\,)/ i '.( I
F 2 N 1 ) 5
p A A+ th 7 ¥ At O+ th

[IAJ(f) = .'11[“)"1L +oae (2)
LN ~X

b, - At .
ALY = aLe T 4 a0 T2 where oL, o= o n, ()
) vy )

Table 2 Decoy tine data for Ciod THA (13 ats ol Cyclohexane)
h

at 1597C in Lhe Gas Phase (6],

Loy

T“ij o,/ ' exciples
e Cpt ———
: Ty B T.,,0 i, T nes T, n “3 aa

0 Al

0,242 I Hol7 11,96 0,04 R.04 J2 00 ~U, 40 0,40
0,530 Gl 10,173 1,52 5.80 LL.60 -1.09 2,09
0.837 hoti 10,50 0, a0 4016 .11 -3.08 3,70
201 2,00 br.23 g, 1,96 10,47 =203 2.33
1000 1.1 10,50 (1, 0% 1.1 10, ~1.9%: j,az

ihat such Finetia con b obaepved dn some systens ta typidied by the
pesarl by Shosn i Lwhlv 2y o on cxciplex-forming svalen o-cyvano-
mphthalenetriethebanine o othe vapam phase, wirre it ean be seen that
the relaticodiip Ny m ey ivoobeved precizely (O] dnderd) the
precicion of these edenmermentes 1o cuch that deviations from expected
values of o0 and o, can be aaed o oo moritor of ground state

complox Conmntion TU], T
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Figure Z2a. FPlots ol (a) two-component it to simlated three-component

fluorescence decay (see text); (b) weighted residuals; (c) auto-
correlation function,

Hobion

The simplest €orrection to single-exponetinl decay laws occurs as

a result of transient clffects in transtational di‘fusjonal processes,
An estensive review of the canses and consequences of these transient
cffects has heen given elsevhere, and vould be ont of place here,  In
the diffusional quenching of molecule AY hy I assuning the simple
schede boelow

10
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IA‘:' + B kl(y‘) product s (3%)

the decay law of A, non

itored by fluorescence, has been shown to be

[(t) = cxp (-At - 2Bt?) (33)

where

A=1 +d4sg D, N' [B] (36)

-

and

2
=
B HT DI\“ (o]

I\B

wR (37)

wvhere D, is the transiational diftusion coefficient, and ¢ is the sun

of the f’ftv}ii of the tuo
The exponentizt-t:

apncies,

term o (30) s been observed in guenohing

reactions in solution, bt onlv on tast (o 1 ns) timescates | /7], This
an important point, thit sooe deviations from siople exponential decay
lawvs will only be obrervahle i1 the appropriate expoeriuental tinesoale
is enploved,  For the rectricted rotational motion, Ilamari et al [#]
have proposed the docay Taw should obey oo simi Lar functional forn,
(L) = & cop [~Cat v bt ] 4 B oexp (ct) ()
Althourn the theorer o ol by Por this in oot clean . Dheeay Taws for
tluorescone e anisotyops, which o beovery comploxg il not he
divennned here,
Foerey tran der cand et iom
This cnbject by been peviewed extensively, and this diccussion
Vill not he aopliticd hore, I the simple case vhere randomly
distribated iwnobile donors and o ceplors are considered at a donor
concentration such that donor-donor transfer i neglible, the time-
dependonc e of doncr tloorecenre i
. g1 .
o) = eup [ (U/0) = (6/) 77 (349)
vhere
, 2
N GV E R VAT (a01)
with 5= 6 for dipole stipole ti-msiers and 0, 15 the number of acceptor

molecules /o ocm oy 10 b
emission and ace r']"'l“-v ol
interact ion torenlated |
dee

.
transfer ) the decny ot

. i
Aaoconstant proportional to the overlap of donor

coarplion,  dn this o

=

of dipole-dipole
v boratery the decpy o hibits an ecponential

pluc an selditionsl exp-to ) depomdence,  For esxchange enerpy

sl o ditferent dependence,




[(t) = expl -t/ - axtat)] (41
where
“ T 4
g(7) = 6Oz Lo (=) /NGt 1)) (42)
=0

and the constants u,d can Le related to macroscopic constants a5 with .
I'm both cases the decay is represented by aninitial non-exponent inl
component followed at lony tines by the decay of the unquenched donor.
In cases where encrgy wiznration is a dominant feature of
luninescence, as in molecular crystals, various forms of decay are
expected deopending upon circumstances, but relying vean zolut jons,
usually complex, to the basic rate equations where F(U) is the tioe-

Ky - Sl (O D) (47)

Ter) - ST 4 E (R (44

dependeet population of the initially excited (exciton) state, TOt) tie
population of the trap state, l:l. e decay rate constant for band
1

states, the decay rate conntant for trap states, and F o(t) the tine-

dependent “trappin: rate tosct fons, the form of vhich depends upon the
effective transport tapolocy [10],0 0 For strictly one-dinensional
transport, Faver has siven the forn ol l'] (1) as

V[(l) = AL (45)

For quasi-one-dimensionn), tuo=dineusionnl, and three-dinensionad
difiusicnl processes, other forms ave appropriate [10,11-14], Thus
very extonsive thearetical apd picocsecond experimental work on
eloctronic excited state transport in finite volumes of randomly
distributed polecules has been reported, vhitch shows that there are
significant deviations in the belhaviour of [inite volume systems
compared with the itnfinite volume syntens considered above.,  The
treatment is mathematically complex and the results will not he given
here explicitly [12-14], Frederickson and Franck [15] have used this
treatisent Lo suggest pousible forns for the decay of monomer and arowth
and decay of exciner fluorcocence in vinyl aromat ¢ polymers vhere
clectronic ecnergy wiyration mizht be a dowinant process,  This
treatwent. is presentod elsevhere o the volume, and will be

discussed Lriefly helow,

_—L

Heterogrnoity in polyn
L}
bven o polyoer covple of nartow solecular eicht distribution is
Just o that, o distribation.  Since the fluorescence process can be
cxtrenely sepsitive to the oot ironment of the (laorophore, in
principle, a range of enviranpent s ie beine observed even in
interacting fluotophore, that is 0 modecule which doce nol interact
vith neisbbouring chiorophores through exciner Tormat ion or ener gy

._‘,.AA - ationiontienncn S, —-— PIBBPRESSSS
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troansfer or mioratiton,  Thits sibmtion hotever s correnpond s to 1t
obiervesd in o tree chrorophore din colation, aed the decgy choald b
rodelled adequately by oo poate constant e This s cettainly nor the o ooe
for interacting chrosopbiores, whire the Tooal environopt will e
critical in determining the doray rate of any partacnlar flooraphore,
In a homopolymer, the principd cauce of heteroeeneity will be the
tacticity of the polyvmer, iootaotic, wondiotactic and at etic jalvors
being expected to Lohave vory ditferently, as outlined oluovlors 1
this volume, In cases whiere nosinally "avactic! polymers canci ot ot
isotactic and svidiot ytic wequences, the decay may in Lavenrable
sinple cases be ill{f'l]](‘[.l!‘l" in teiros ol 2osorntion of esponent il
docaves of two Kinetically dictinet spocicon, Por a wide ditritation of
f‘“p;' A kinetic model yecosni sing this heteroueneity gy b e
appropriate, althoweh thic viebb dotor ation obf Tinited woetnboe o

In copolvicers, heteroconeity of envircicoent o o chrosorhere 1y

vittee of componition beco son ol overp b Nin cone e,

e
Sl _luy;',,"'l

T sl b vodecnde, ot ronsl o e of g phaoraphor e

colntion occurs s 0 o e o cbe el th e ofapve b ioit i ty

Aver o aver ot e lecul gy o ient st ion ., Taoo ceonthintic pols St
chovio oot ion §s i cenerat o vers slowy bt Too b et ione:s v oronr o
thoe e Ui ale o oo e a7 i e e bee b o e b
cocrent ol e any devea e the ot ot pror e e Lo e b,
et Seprdbe dor ool bhe pabe cnprdnron toroan b o ion o ot
TR R R B ST PR I STt Y B N REY S I I

RS KR RN R RT R i:thl

e,y mideration s bbb Ut e v o oy vine Lonror o b
polyrer s, tor esan e

abvcerveed thuore coprce then the form of the copression aned to pode bt

andtoir thie pr e e e rate aleterainon oy e

fiuore.. roce crow inoop Jdec oy st bhev i1 et , e pibesd above,
Vhat procpect s there o ansdsane datay and recocering b

s

appropricte tor s ol thee oo esees plent i ied above” o coren o whiene

the svnben very caretelly e ta poaeimi e the Tibelihood of

choorvine o patical o tors of decoy ) theonishn b pood, e
cxaiple, da bepare 4 we e the decgy o Do s enne frooa oy tal

ot o polvidiqoetalen ) wivich an ichbe cadered ity Tendbing to ane

Gincnstonal exoaton ditba e, on b et v ot trap dee gy e
such that the Jarss of the oo cirnar it apr bt for b ded vy an
cupanential ot 3 e e e, 0 el Ty sty i jome Wy (]
Vhat ot rore conntes o cn o dibate colntiens of flesibin
viny b oaresatic pod iy o
Fov o o by o

P N LR RN RS Al copte ied s et i

sedrer o Tepre e e e o e dec s wer e tnde ot e e

ol THID T Tuor o ri o yn e ira 1 dar e, HEEL RTINS e
crpitical obocrv ot yan thoar cdtipte (ot triple) cxponential tere:
conld woded corc o bl Ty e ey ol e gt e e oo e eqe o

fn opalvieing b nghthalewe 5 o Lead s to progp e i pdes s el whiich
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progress by devicing experinents which will provide a peans of
identifying the processes which are rate—determining in any syitem. It
is axiomatic in using snuch methods that the simplect model fully
compatible with all results must be selected, since one can 3
replace this model by one which is more complex mathemtically, This
hovever, may defy interpretation in physical terms, A demonstration
that a very complex model is as compatible as a more simple nodel with
a particular set of data is not in itself cause for abandonrment of the
simplest model., The way forwards as always, is to devise expoeriments
which further test the validity of the simpler model, and ar the point
where this can be shown denonstrably, cxperimentally to Le inadequate,
to abandon it in favour of the simplest refiued model which io then
fully compatible with the results. This is the approach we hive tahen
and will continue to tale,

Tt is clear that the erigins of the phorophosioal Lodowiont of
polvieers vill continue ta Lo the cobjoct of Tively debote o o

Lice,  Activity inoa fiid

vhiieh T proved to be rapidly e lon s
staedatine durine the poast decade cecns Tibely to i s oo entas in
Cive st fow years,
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excited directly
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Pioure O, Fluorcorew o spectra and decay chiaracteristics ol P

containing poly(styrens). 17, styrene monaoser region, dual decay
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ABSTRACT

Time-resolved fluorescence anisotropies of perylene in glycerol/water
solutions have been studied on nanosecond time scales.  Anisotropy decays
were obtained using mode locked, cavity dumped laser excitation and
single-photon counting detection.  The anisotropies are well characterized by
a double exponential model and give rotational decay times which can be
related to diffusion about the in-plane and out-of-plane molecular axes. The
pre-exponential factors are determined by the relative orientations of the
absorption and emission transition dipoles and are not sensitive to solvent
viscosity, temperature, or other external parameters. The perylene
/glycerol/water system appears to be a useful standard for comparing and
evaluating different experimental techniques and analysis procedures for

nanosecond and subnanosecond measurements of fluorescence anisotropies.
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1. Introduction

Time-resolved fluorescence anisolropy measurcments can provide detailed
information on the reorientational dynamics of molecules in solution. Until
recently, however, this information has been limited to single rotaticnal
correlation times which are only strictly appropriate for the diffusion of
spherically symmetric systems. Improvements in instrumentation and data
analysis techniques during the last decade have lead to increasingly accurate

.2,

measurcnients of fluorescence lifetimes. These capabilities also have lead
to parallel improvements in determinations of fluorescence anisotropices.

The advances in time-resolved techniques have fostered a re-examination
of theories of the rotational motions of molecules in liquids. BNodels
considered include the anisotropic motion of unsymmetrical ﬂuuroph<)r0s,4
the internal motions of probes relative to the overall movement with respect to
their Surroundings,ﬁ the restricted motion of molecules within membranes
(e.g., "wobbling" within a cono),7 and the segmental motion of synthetic

’

macromolecules. Analyses of these models peints to experimental situations
in which the anisotropy ecan show both multiexponential and nonexpenential
decay. Current experimental techniques are capable of distinguishing
between these different models. It should be emphasized, however, that to
accurately extract a single, "average"” rotational correlation time demands the
same precision of data and analysis as fluorescence decay experiments which
exhibit dual exponential decays. Multiple or non exponential anisotropy
experiments arc thus near the limits of present capabilities and generally
demiand favorable combinations of fluorcescence and rotational diffusion times.
Another key issue withtregard to determinations of snisotropy decays are

the wide variety of approaches to the calculation of rotational lifetimes. This

is in contrast to the situation for the determination of unpolarized

Y SN oottt




fluorescence decays. In the later case, stable, cavity dumped dye laser
excitation sources, time-correlated single photon counting, and standard
procedures for deconvoluting fluorcescence decays have lead to the acceptance
of decay times as relatively easily measured parameters by which to

characterize molecular fluorescence. Indeed, these measurcments have
reached the stage where fluorescence decay standards are available to
calibrate ncw experimental lochniques.l

The anisotropy of a system, r(t), is derived from mecasurements of the

fluorescence decays with polarizations parallel and perpendicular to the

polarization of excitation:

r(t) = (1” (t)_I_L(t))/ (1“ (1) + ZIJ,(U) = D(t)/8(1) (1)
The different approaches to analyzing the time dependence of the anisotropy
generally arise from different methods by which deconvolutions of I”(t) and
IL(t) are translated into a deconvoluted r(t). For example, the rotational
parameters can be extracted by individually deconvolving 1 (t), individually
deconvolving T (1), deconvolving D(t), deconvolving both D(t) and S(t) and
reconstrueting r(t), simultancously fitting I” (t) and IJ_(t), simultaneously
analyzing several decay curves ("global nnnlysis")lo, cte. These and other
methous recently have been discussed in some detail by Cross and F]cming.11
At this point, there is no general agreement on which of these methods is
most accurate, most efficient, least subject to typical systematic errors, etc.,
and it is fair fo state that a critical comparison of various experimental and
analysis techniques has not yet appeared.

An important cowplicatien in such a comparison is that several previous
studies have not {ully appreciated that the statistical procedures applied to

unpolarized fluorescence decay cannot be directly transferred to the analysis




of D(t), r(t), ete. Whereas I“ (t) and I_L(t) individually follow the Poisson
statistics routinely employed in previous fluorescence decay measurcments,
deconvolution of D(t) and S(t) must employ properly propagated weights

. et e 12
which are distinctively non-Poisson.

This paper addresses the issue of the "best" experimental techniques
and analysis procedures by reconsidering perylene (figure 1), a molecule
whose fluorescence anisotropy has been shown to be characterized by dual

. 15-17 .
exponential decay. The purposes of this study are:

1. to investigate and critically compare rotational correlation times

and pre-exponential factors obtained for perylene's anisotropy.

2. to develop a standard fluorophore/solvent system which would

P
provide a useful focal point for evaluating the various procedures
used to analyze and interpret polarized emission decays.

Perylene initially was identified as an anisotropic rotator in steady state
polarization measurements.  Weber et al.'s observation of wavelength
dependent Perrvin plots indieated the presence of at least two distinet

. . 13 . .
rotational motio s F'he subsequent development of time-resolved techniques
Icad to more detailed analyses of perylene's anisotropy by Brand, et al. and
s 16 .. . e - .

Zinsli et al. I'hese investigations indicated that the rate of rotation about
1 the symmetry axis (z axis in figure 1) is about an order of magnitude larger
than the rate of rotation perpendicular to the z axis. We have extended
these earlier investigations by teking advantage of improvements in
fluorcescence decay measurements brought about by mode locked laser
excitation, single photon counting, and the use of proper statistical weights

in the deconvolution of experimental decays. Our measurements provide
;

additional insights on perylene's photophysical behavior and establish uscful
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and conjvenient samples for comparison and evaluation of anisotropy

measurciwents on nonoscecond and subnanosccond time scales,

2. Theoretical Background
The fluorcscence anisotropy of the general, unsymmetric rigid rotor was
5 .
first given by Belford et al.” and subscquently discussed by scveral other
6,7

workers. These treatments lead to the following expressions:

5 .
, O = e"“Tf(u:z_Xn.e’”T‘) (2)
i=
YL S Ry
IJ_(I) = e (1- “ase ) (3)
i=
- T3
D = 1) - 1) = et et (@)
" 1 41
S = 1 (1+21 (1) = 30"t (5)
m i
ENRYAY
r{t) = D(t)/S(t) = Xnie (6)
=1

where the T]. are functions of the rotational diffusion coefficients sround the
three principal molecular axes and the :li‘s are functions of the direction
cosines relating the absorption and emission transition dipoles to the principal
rotation axes. For perylene, these expressions can be further simplified by
assuming that the rotational diffusion constants about the two in-plane axes
are identical., This approximation reduces the number of terms in the

. . . 6
summations from five to three and the anisotropy then can be expressed as

- 2 ~1 2 -
vy = 2/5e Pt LM Ry DO E 0, 0 g,
k=0 v ’

where €, and ©_ are the polar angles between the absorption and emission
A E £ 1

dipoles and the unique symmetry axis (z in figure 1), ¢/\F is the difference




———

in their azicathal angles, and where U” andd ”1 refer to the rates of rotation
about the unigue symmetry axis and any axis perpendicular to this axis

F, = 1/4 (3(-()5‘20 1) (.'h‘nsz“, 1)

0 A E
o Yy o a6 H o0 et
}l : 374 sin 2 g 2 TcosT g
2, 2, ,
c - 374 .in©h in“t,. cos 24, .
}2 3/4 «in ooty eos AE
For perylene one additional shnplification cones into play. Greup theoretical

considerations require that ull L transitions sre pelarvivea within the
1R n -y
molecular plane., I'his means that bhath ('A T 12 and

6Dt a0 g o0 o (200D, Ot (1)

(1) -
r(ty 0. 100 AL

It <hould be recognived that the diffusion constants for rotation about the two

in pline syoelry axes are not rigorously cquivalent,  Ae¢ discussed by Small
19 .

and ITeonberg ", however, these rotaticnal constants would have to he greatly

different for more than two exponentiofls to be observed.  This is due to the

close intercornection between the original five exponentials which <hows that

oo i and 100 1 in equations 2 6. We thus expect the fluoresceence

1 J i 3

anisotropy of perylene to be well fitted by equation 7 with the

pre-exponential factors reluting to the angle between the in plane absorption

and emission dipoles,

3. I?xprr‘im(-nvml
3.1 Collection of Data

A diagram of the time-resolved fluorcscence spectrometer employved in our
studics is given in Figure 2. The excitation source was a 4w mode locked,

cavity dumped Argon-ion laser (Spectra 'hysies Model 166). A radio
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freguency syunthesizer (Racal Dona 8082) and amplifier (BN J05CA) were
cuployed to provide the mode locking signal,  Synchronizition of the rode
locked pulses with the cavity dumper was achieved by frequency doubling
part of the rode locking «<ignal (1o give the same repetition rate as the pode
locked pulses) and ueing this as the reference signal for the cavity dur per
drive clectronics.

The nunl(\‘ loeked pulses Capproximately S$70HzZ) were reduced tooa lower
repetition rote Ceingle <liot - 4MH2) 1o alow wanples to fully relay betvonn
cacitation events. Verticolly polarized output palecs of the 811 nm line were
rotated by /2 using a Fresnal double rhomb (AL G, Flectro Optics) and then
focused (using a 10 cm foceal length lens) into o temperature tuned acoonium
aihy drogen phosphate cerystal (Coherent Model 440 UV pencrator). This
produced vertically polarized pulses at 257 nm owith a full width at half
imdiximum of 150 ps. Residual, undoubled light was rerioved by o Corning
T 54 filter.  Sunples were contained in 3 em? guartz euvettes, The $80 nm
flucrescence was viewed at right angles to the excitation beam and was
filtered (using o 420 nm cutoff filter) and polarization selected (using a
Poluroid HNP'B sheet polavizer) before being focused on the slits of a
Pilger Watts 0.33m- D330 monochromator.  Spectral resolution of the emitted
light was tyvpically 2 nm.

The fluorescence wes delected by using conventional single photon
counting m(‘lhuds.]'z'm The signal from the photomultiplier (Philips
NE20200) was sent through ninoscceond variable delay lines (Ortec 463,
Canboerra 26068) and a constant fraction diseriminator (Ortee 473A) to a
time -to amplitude converter ¢Ortece 467).  In order to use the full repetition
rate of the laser, the {ime to amplitude converter was (111;*1':110(1 in an inverted

configuration with the voltage ramp being initiated by a signal {rom the




photamultiplicr and terminated by o THL togie pulee from the cavity dunger.,
Pulse pile up effects were avoided by arranging for the ratio of Looer palooe
to detected photons to he groater thun 2o0:10 The data from the

time to anplitude converter were proccs wod by oo moltichinme! analyser
(Norland Inotech 8300) and tored in one half of the memory (512 climmels),
The instrument response function was colloctod by sonttering the 207 g
exciting light off a dilute, agueons s poreion of Tatex particl s (Siy e,
cverage particle dinmeter of 100 nm) with a tranccdicsion tatehing that of the
peiviene samples (710%).  The data weore then transforred to o Perbin Eliner
7-32 Computer for subsequent oy sis,

The fluorescence decay times were obtained from decave for which the

analyzing polarizer was get gt the "magic anple™ (53.7¢ from the \o'xtix'ul):’]':‘:"
and datic accumulated until 20,000 counte woere colleeted in e vosinnum
channel,  The instrurental recporr-e function was thon recordea 1o o masicium
of 270,000 counts using the procednres deceribed above,  Inoorder to mininive
crrors due to longs tern deifts in the Teeer intensity and detection cleetrondes,
the polarized fluorcacence decays were collected by alternating the
polarization direction of the cnivsion along with the werory addresses in the
multichannel snalyzer,  These changes were carried out under microprocessor
condtrol which alternated the collection of [” (1) and Ii(t) overy 60 seconds
unttil spproximately 40,000 counts were accumulated in the maximum channel of
lJ_(i).
2.2 Corrections for Polavicstion Bias of Detection System

The relative number of photons colleeted in the I and T channels will in

] AL

peneral be binsed by the potnrization dependence of the deteetion system.

This effeet must be teken into aceount by rewriting equation 6:

r(t) = (I (t) - G T (ty) (I (t) + 2G 1 (1)) = D(t)/8(t) (&)
] L It AL




where G is the "instrumental anisotropy™ of the system.  Severs] methods
have Leen employed to determine (}.l’]l The approach used here is referred
to as Mail matching," a method in which data are collected to insure that
G=1.

I the rotational correlation times are shorter than the fluorescence
lifeticie, then n‘t long times after excitation l” (t) and ],L“) should become
identical (r(t)’0), For the perylene sample used in this study, tail matching
was achieved by integrating and matehing the total nuwmber of counts in by
and Ilin channels correspending to times between 22 and 24 ns after
excitation,  This procedure was checked by comparing the integrated counts
for time intervals at earlier und later stages of the fluorescence decays,
Matches over several regions of the decays showed that for sufficiently long
times, l” (1) and l_L(U were indeed superimposible. The tail matching regions
used were as "early" as possible in order to achieve a high signal to noise
ratio in the integrated regions (S/N > 100/1),  Tail matehing will not be valid
for many other systems, c.g., those with residual,long term enisotropies. It
docs work well with our samples and has the additional henefit of correcting
for ﬂuctuutions. in the exciting light intensities which are not already
accounted for Ly alternating the detection polarization as described above.,
3.3 Analysis of Data

All decay cnfl'lv‘sns were assumed 1o fellow the following equation:

I(t) = fl’(l')G(Hé%')dt'

°
Where the observed decay intensity, I(t) is a convolution of the {rue decay,
G(t), with the instrument response function P(t). The time shift parameter §
represents the shift in zerogtime between the excitation function and the

decay curve. Use of this parameter corrects for the different photomuliiplier

transit times of the exciting and emitting photons but can be strictly justified
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only when this difference is snm]l.l'2 For ouvr experiments the use of & was
justificd by the inproved quality of the single exponential fits to the magic
angle decays.,

Deconvolution of decay curves was schieved by least squares iterative
technigues which have been described in great detail Ms(*wh(\rt?.l'2'23’24
This method convolves a trinl decay function (single exponential, double

caperertianl, (-1.('.) with the instraoment response function, The differcnce
hetween the calculated and experimentally 1ecorded decavs is minimized by
varying the paranceters in the trisl function.  The quality of the fit is
teasured by the reduced chi cquared, )z‘ whrre

\ SV W YU Ty np 4 1 p) (10)
where W, is the weighting factor and Y(ti) l(ti) is the difference between the

caleubated and obscrved intensitios in channel i, nlzmd n, are the first and

Inst chavnels of the section of the decay to be analyzed, and p is the number
of parameters in the least squares fit,  Statistical criteria for judging
groodness of fit have been discussed in consideralile detail by Lumpert, et nl.l

Fauation 9 applies to I(t), the fluorescence infensity observed under
magric angle or rapid rotation conditions, l” (t), I_/_“)' and any linear
combination of these latier two functions, i.e., D(t) and S(t). For
Iy, l“(t), ond I_L(t) the weighting factors employed in equation 10 follow
Poisson Statistics with

w, = ”Oiz = 1/l(ti) (11)

For D(t), S(t), and r(t) the DPoisson errors in I (ti) and 1 (ti) must be
propggated in order to obtain proper wcights]

for D(t), w, = 1/(I“(ti)‘+ I_L(ti)) (12)

for S(t), w, = 1/(l”(li) + 4IL(ti)) (13)

for r(t), Wy 3 (l“ (t) + 2IL(ti))/(2 431‘(li) - 31"(ti) - 21‘3(fi)) (14)
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As discussed earlier, the anisotropy paratweters can in principle be

extracted from I, (1), Ij(t), D(t), or r(t) (cquations 2 6). (This assumes

!
that the fluorescence lifetime can be determiped from magic angle

. 21,22
expoeriments

or from S(1)). For single exponential anisotropices, analyses
of I” (t) and/or lL(t) do yield sccurate correlution times, For anisotropies
involving two exponcntinls, however, l” (1) wnd 1,(1) require accurate fits to
triple exponentinl functions,  Fven with excellent data, there are a relatively
small nunber of sumples for which the fluorescence and rotational lifetimes are
well enough separated to give meaningful fits.  These problems are illustrated
with the following synthetic data:
Data curves for l” (t) and I_L“) were constructed by convolving an

experinentelly recorded instrument response function with decay functions

representative of those actually obtained for our perylene samples:

G (1) = 1.0 exp (-1/4.8) - 0.46 cxp (-t/0.63) + 0.16 exp (-t/2.0)
and G (1) = 1.0 exp (-t/4.8) + 0.23 exp (-t/0.63) - 0.08 exp (-t/2.0)
Poisson noise was added to (or subtracted from) the curves for !I/ (t) and
lJy(t). Triple exponential fits of l” (1) and IJ.“) were unable to recover the
correct parameters. However, double exponential analysis of the synthesized
difference function, I” (t)y - !L(t), and a single exponential fit to S(t)
acceurately extracted the expected lifetimes and pre-exponential factors, as
seen in the following comparison:

expected r(t) = 0,23 exp (-t/0.72) + 0.80 exp ( 1/3.4)

D()/S(1) = 0.23 exp (-1/0.71) + 0.82 exp (1/3.4)




We thus conclude that for data similar to that obtained for perylene, the
reduction in the number of parameters scems to provide an important reason

for analyzing D(t) rather than separately fitting l” (t) and 14“)'

3.4 Samples

In anticipation of developing samples which might serve as useful
standards for onisotropy measurcements, we have employed comercially
available fluorophore/solvent cembination which require no further purification
and provide a wide range of viscosities and rotational correlation rates under
ambient temperature conditions.

Ferylene was Aldrich Geld Label (994%). The glycerol was Aldrich Gold
Lubel (99.54%), Spectrephotometric grade and was shown by NMR techniques
to contain less than 1% water. The water used for the plyeerol/water
selutions was MCB Onmisolve, HPLC grade. All of these were used as
supplied by the munufacturers, without additional purification. The
glycerol/water mixtures showed negligible fluorescence under the excitation
conditions used for accumulating data on the perylene samples,

The perylene solutions were all lxl(]‘GM and had absorbances of less
than 0.05 at 257 nm. No attempt was made to remove 02 from the samples,
The glyeerol/water solutions used in these measurements were 80, 85, and 90%
(volume glycerol/volume solution) and have <1% uncertainty in their
compositons.  This uncertainty is due to the water (<1%) in the "pure"
glyeerol,  Solutions were kept tightly capped to avoid the pick up of
additional water from the atosphere,  Steady state polmization measurements
showed that these relatively viscous samples picked up negligible guantities of

. 25
water even when cuvettes were left open to air for several days,
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All measurements reported in this paper were performed at 253¥1°C,  The
relationships between solution composition and viscosity are given by Miner
and I)nllon.26 The 80, 85, and 90% (v/v) solutions correspond to 82.9, 87.3,
and 91.5% solutions in terms of weight percentages of glycerol.  These
solutions have viccosities of 63,5, 111.1, and 204.0 centipoise at 25°C,

4. Results and Discussion
4.1 Summary of Anisotropy Data

Polurized fluorescence decays (I// (1) and !1(1) were obtained for
perylene in glycerol/water solutions which were 80, 85, and 90% (v/v)
glycerol and which were maintained at 2541eC,  The anisotropy parameters
were analyzed by weparately fitting D(1) and S(1) and then constructing rit)
from their guotient.  Difference curves were well described by double
exponential decays whereas 5(1) was well fit by a single exponentind ol
expected for fluorescence from a single component,

A plot of D(t) for a typical sample (perylene in 859 ¢lvor ol oo
given in figure 3. These data chow an inversion in <ipn (e T
and IJ_(t))' indicative of the different signs of the tuo e

in equation 7. This chavacteristic festure of peryiers s oo

anisotropy) function can be traced to the pelative oo vr s o
absorption and enission transition dipeles, 1 ;
approximately short sxis (x) poloricood owd oo,

Tong axis (v) polariced (oo tipae o 0

dipoles, the initinl andootroy v o

rotation about thy v ot
roetotion perpe < [}
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This would be followed by relatively slower (t=(6D_L)‘1a12!:1) decay to r(t)=0,
Such a model accounts qualitatively for the difference (and anisotropy) curves
presented in this paper. The precise form of these decay curves depends on
the actual orientation of transition dipoles and the rates of rotational
diffusion. These parameters can be determined from the double exponential
fits as discussed in following sections of this paper.

The unpolarized fluorescence decays from both S(t) and magic angle
measurements of all samples were well described by single exponential
kinetics. A comparison of these two methods for the 85% solution is given in
figure 4. The fluorescence lifetimes given in Table 1 are the average values
of all measurements on a given sample. Our ability to obtain good fits for
these curves indicates that the wavelength dependent response of our
photomultiplier is well accounted for by the "time-shift" parametler introduced
in equation 9. The fluorescence lifetimes are essentially independent of
solution composition and viscosity. The average lifetime (4.77#0.05 ns) is in
excellent agreement with the value obtained by Brand et al.ls for perylene in
pure glycerol (4.7%0.1 ns) and has beeﬁ shown to be independent of
temperature (ovér the range 10-40°C).

A summary of our anisotropy mecasurements is giver. in Table 1. These

parameters are derived from those obtained for D(t) and S(t) as follows:

t/t e-t/r2 .

-t/1
2 " H e f

D(t) = dle‘ S(t) = s
r(t) = d; /s exp(-t(1/1 -1/1p) +fyexp(~t(1/T,~1/1)
4

=r exp(—t/TIrot) + r,exp (—t/Tert) (15)

1

A—‘— atindeathih L
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The pre-exponential lifetimes and rotational lifetimes given in equation 15 can
be compared with those given by the two exponential model (equation 7) to
determine the rotational diffusion rates DII and D_Las well as the relative

orientation of the transition dipoles in perylene.

4.2 TFreexponential factors/orientation of transition dipoles

The data in Table 1 show that Ty and r, are essentially independent of

2
solvent composition. This supports the model described by equation 7 which
shows the pre-exponential factors to depend only on properties of the solute
(directions of absorption and emission dipoles) and to be insensitive to
solvent viscosity, temperature, composition, etc. The limiting anisotropy
(r(0) = r1+r2) obtained in our experiments (average = -0.15740,011) compares
well with stecady state measurements on frozen solutions with viscosities
sufficiently high to prevent rotational diffusion. For example, r(0) = -0.149
for perylene in glycerol at -78°C and with an excitation wavelength of

256 nm.25 The r(0)'s should be compared with a limiting anisotropy of -0.200
for absorption and emission polarizations which are exactly orthoganol “’AE =

90°). In the abserce of other depolarizing effects, our value of r(0) (r1+r )

2

leads to ¢AE =78+2°, ¢ also can be directly calculated by comparing our

AE
rz(—0.233i0.006) with the ry given in equation 7. This gives ¢AE = 71#1°,

It appears, therefore, that perylene's absorption and emission dipoles
are not orthogonal for excitation at 257 nm. It is important to note,
however, that limiting values of r(0) (e.g., 0.400 for colinear dipoles, -0.200
for perpendicular dipoles) are rarely obtained, even when the excitation and
emission involve the same elqetronic transition. It has been suggcsted29'30

that rapid (subnanosecond) internal motions, e.g., low frequency torsional

vibrations ("librations") provide additional depolarization mechanisms which
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might not be directly observed on nanosecond time scales and which also
might not be quenched in low temperature, "rigid" environments. This

possibility finds some support in picosecond anisotropy measurements which

30,31

have recovered r(0) = 0,40 in several systems. If these effects are

present in our experiments they might be corrected for by calculating ¢AE
2 and T rather than from their absolute values (note that

r1<0.10 and this cannot be rationalized by nonorthogonal dipoles--see equation

from the ratio of r

7). This gives r2/r1 = 3 cos 2¢AE and for our data lcads to cos 2¢AE =
-1.01 or ¢AE " 90°, If this result is correct, then the absolute values of our

pre-exponential factors may be systematically low. However, -although-eur

pre-exporential factors may be systematjcallydew, it is important to stress
that ¢AE = 90° is rather unlikely. Whereas, the strongly allowed SOH‘S1

transition is most likely due to a linear transition dipole, the relatively weak
absorption at 257 nm probably involves vibronic coupling with other electronic
states. This would lead to mixed polarization throughout the absorption
band. These effects are clearly evident in plots of anisotropy as a function
of wave]ength.la_ For A>360 nm the anisotropy is relatively high and
constant. In the region of the 257 nm absorption, however, the anisotropy is
very sensitive to wavelength and it is unlikely that r=0.20 at 257 nm or any
other wavelength. It thus seems reasonable to conclude that 70°<¢AE‘90°
with a better specification of this angle awaiting shorter time scale anisotropy

measurements,

4.3 Rotational Correlation Times/Diffusion Coefficients
The rotational corrclation times indicated in Table 1 can be related to the
rates of rotation about the symmetry axis (D”) and about any perpendicular

axis (D,). Use of a "cylindrical” model (i.e., symmetry axis is C_ rather

A
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than CZ) is justified both by the good fits to equation 7 and the large
differences between D” and I?L Following Small and Isenbergw, we might
consider the case of rotation about two perpendicular in plane axes (e.g.,x
and y) where the rotation ratés differ by a factor of two. Even in this case
(certainly an exaggeration for perylene), the rotational decays (see equation
6) would be governed by D“ , and thus will give rise to no more than three
discernable decay times (the cylindrical case). The further restrictions
brought about by the in plane orientation of the transition dipoles further
simplify the anisotropy decay to the two exponential model given in eguation
7.

The rotational diffusion rates can be calculated from rotational correlation

times given in Table I:

rot _ -1 rot _ -1
L] = (6121_) and T, = (2131 + 4D” )

The results of these calculations are presented in Table 2. Figure 5
illustrates the viscosity dependence of the diffusion rates,

It is important to note that D“ /D_L’ like Ty and o, is independent of
solvent viscosity (D,, /D, = 6.7 # 0.3 for our samples). These parameters
thus should prox.m particularly useful in comparing experimental techniques
and analysis procedures for anisotropy measurements on a variety of perylene
samples. The viscosity independence of D” /DJ_ shows that the in-plane and
out-of-plane rotations are equally affected by changes in solvent environment,
This clearly would not be the case if Dll were well described by "slipping'
boundary conditions as opposed to the "sticking" boundary conditions
14,15,32

appropriate to D,L' Both motions must require displacement of solvent

molecules as is most clearly deen in a comparison of diffusion constants

associated with free rotation (D ~ 10”sec_1) with those obtained here (D v

8 1

107-108sec71y.
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4.4 Summary of Anisotropy Parameters for Perylene

A tabulation of D“ ID_Lvnlues obtained using several measurement
techniques and analysis procedures is given in Table 3. The parameters from
carlier, steady state studiesla'14 tend to be less accurate than those from
time-resolved monsuroments.15-17'33 This reflects the inherent difficulties in
extracting time dependent information from steady state data. Dll /DJ‘ values
from several time-resolved studiecs (Zinsli, et al.,]6 Barkley, et al.,ls and
the present work) and from a recent phase modulation study (Lakowicz et
31.17) are in general agreement.  These studies also demonstrate that D“ /D_L
is esscentially independent of both solvent viscosity and temperature,
Combinations of solvents and temperatures which change D“ and D, by more
than two orders of magnitude have no perceptible effect on their ratio. Any
discrepancies between D” /D_,_'s from different studies, therefore, must arise
from differences in the methods by which these parameters are obtained.

The generally good agreement in the rotational corrclation times and
diffusion rates contrasts the cqually striking disparity in values given for the
pre-cexponential factors. These factors are considerably more sensitive to the
quality of data and analysis procedures and thus provide a natural foecal point
for comparing different methods used for studying fluorescence anisotropy.
The pre-exponential factors should be completely specified by properties of
isolated perylene molecules (i.e., the relative orientations of the absorption

insencitive
and emission transition dipoles) and should Le sensitive to solvent,
temperature, or the procedures by which these paramcters are obtained,

Comparing pre-exponential factors from different experiments is somcwhat
complicated by the wnvnlenéth dependence of these numbers (sce equation 7).

Previous experiments, however, fall into two distinet groups: those in which

perylene is excited into the lowest energy absorption band (r(0)“0.400 and
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¢AE ~ 0) and those in which excitation is into the spectral feature centered at
256-257 nm (r(0) '{ -0.200 and OAE < 90°). The first set of experiments all
involve excitation in spectral regions (1>350nm) where r(0) is wavelength
indcpendentl3 and should lead to common preexporential values. These
measurements along with data for short wavelength excitation conditions are
summarized in Table 4.

Zinsli's temperature dependent preexponentials arise from a mod(‘.l16
which superimposes temperature dependent, librational motions (¢f. the low
frequency, torsional motions discussed in section 2.4) on the rotational
diffusion model employed in this and other studies. The simpler, double
exponential model accounts for the observed kinetlics and temperature
independence of the preexponentials over the 10-40°C range investigated.
Librational motions of perylene may well be important, (e.g., in explaining
r(0)'s < 0.400 for long wavclength excitation of perylene) but appear to
require a model different from that proposed by Zinsli,

Gratton, Lackowicz and 0”1(‘.1‘817'34_38

recently have applied
multifrequency, phase modulation techniques to the measurement of
. . : 17 .
multiexponential anisotropy decays. In the case of perylene ', rotational
correlation times and diffusion rates are comparable to those determined by
time-resolved methods. Pre-exponential factors obtained by these two
methods, however, are not in good agrcement.,  The ratio, r_/r,, determined
271
. . 17 L . .
by modulation techniques™ leads to QAF = 29° which is clearly inconsistent
with the cxpected colinearity of absorption and emission dipoles for excitation
into perylene's lowest energy absorption band. Althougl frequency-domain
technigues show considerable ¢promise for unraveling complex (multiexponential
and nonexponential) anisotropy decays, more work is ncecded to reconcile

these initial results with those obtained from time- domain measurements.
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The anisotropy parameters (rotational diffusion rates and pre-exponential
factors) of Barkley et 81.15 are in relatively good agreement with those of the
present investigation. Any comparison, however, must consider some
fundamental differences in the’ analysis procedures employed in the two
studies. The apparent use of Poisson distributed weights, rather than the
weights given by ecquations 12, 13, and 14 must lead to systematic errors in
fits to D(t), S(t), and r(t). This can be illustrated by comparing fits to
simulated S(t) and D(t) curves using correct and incorrect (Poisson)’
statistical weights (Table 5). The simulated paramelers (which duplicate
those we have obtained for perylene) can only be recovered by using the
proper weights. The use of Poisson statistics makes little difference in
fitting S(t). For fits to D(t), however, these weights lead to systematic
errors in the relevant parameters. The pre-exponential factors are
particularly sensitive, e.g., 1'2/1r‘1 changes from -2.9 to -2.0 in changing from
the correct weights (equation 13) to the Poisson weights used in the carlier
work. Such differences may contribute to the apparent discrepancies between
TysTys and I'Z/r1 values obtained in the two studies.

10,15
a

The "global analysis" procedures employed by Barkley et al. 1so
g I ploy y y

require comment. The anisotropy parameters were obtained by simultaneously

fitting decay data obtained at two excitation wavelengths

VLT VL PO

1 2 ex 430 nm

r(t) =r

r e-t/¢2 A

1° 1 - 2 ex = 256 nm

r(t) =

I
=

The rotational correlation times, ¢1 and 4’2, should indeed be independent of

the wavelength used for excitation. On the other hand, equation 7 shows
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that r2(430) = ~r2(256) if and only if ¢AE(430) = ¢AE(256) + /2. Excitation
at either wavelength results in the same emission dipole (S1 * SO). We thus
can express the restrictions expressed in the above pair of equations as
¢A(430) = ¢A(256) + 7/2 where ¢A is the reclative orientation of the (in-plane)
transition dipoles for the two abscrptions.

This restriction would be satisfied if the 430 nm absorption (S0 * Sl)
were long axis (y) polarized and if the 256 nm absorption (S0 * Sn) were
short axis (x) polarized. The first of these conditions may well be attained.
There is less justification for the 265 nm absorption bLeing perfectly, short
axis polarized. The steady state polarization (and anisotropy) of perylene

13 The

depends on excitation wavelength for absorption in the 256 nm region.
nbsorptions are sufficiently weak to implicate the mixed polarizations
associated with vibronic coupling as discussed in section 4.2, That ¢A(430) +
@A(25G) 4+ 1/2 also is suggested by the pre-exponential factors obtained by

Barkley et al. (rZ:v-0.24 and rZ/rI:—2.4 versus r, = -0.30 and 1'2/1'1 = -3.0

2
for short axis absorption followed by long axis emission). "Global analysis"
clearly provides a useful approach for cases in which there are known,
verifinble relationships between different decay curves, e.g., in
simultaneously fitting lll (t) and I_L(t).” In the present situation, however,

the assumption that r2(430) = r2(256) may place artificial restrictions on these

parameters,

5. Conclusions
The fluorescence anisotropy of perylene in solutions of glycerol/water is
- well described by a bi-exponantial model. For excitation at 257 nm,
r(t) = (0.077:0.006)exp(-t(6D,)) - (0.23310.OOG)exp(—t(ZIgLMI)”)) (16) A

double exponcntial model should be rigorously correct for rotations in
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molecules with cylindrical symmetry (i.e., possessing a C. axis) and with
electronic transitions polarized in the plane perpendicular to the Co axis.”’
The first of these conditions is effectively met19 by the comparable rotational
diffusion rates about any of the in-plane axes (e.g., DxtDy——see figure 1).
The second requirement is satisfied by the 'nn* transitions monitored in this
experiment,

The above equation appears to describe perylene for a broad range of
solvent viscosities and temperatures.15 Although D“ and IzLdepend on solvent,
D”/D_Lis constant (~7/1), indicating that the in-plane and out-of-plane -
rotations are equally affected by changes in environment. Both rotations
must displace solvent molocules)thus blurring the distinction between
"sticking” and slipping" often applied to the two motions.m’ls’32 In contrast
to the rotational diffusion rates, the pre-exponential factors are insensitive to
sclvent, being completely specified by the relative orientation of electronic
transition moments.s'6 Our results indicate that the absorption and emission
dipoles are displaced by at least 70°, Orthogonal dipoles cannot be excluded,
but there is little evidence from this or other studies to support such a
conclusion.

The experiments establish a physical basis for the bi-exponential model.
The primary purpose of this study, however, is to establish
perylenc/glycerol/water as a potential standard for time-resolved anisotropy
measurements which cannot be simply described by single exponential
kinctics., OQOur samples provide scveral advantages:

1. The components are readily available and can be used without

futher purificatio? .

|
l
R S
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2. The photophysical properties of perylene are well understood and
lead to straightforward interpretation of the parameters describing
the bi-exponential anisotropy decay,

3. The apparent constanty of T Ty and D”/DJ_over a range of
solvent compositions and temperatures mecans that the results
expressed by equation 16 should be applicable to bioth longer and
shorter (subnanosecond) time scales,

4. The pre-exponential factors, unlike the more easjly measured
rotational correlation times, are particularly sensitive to
experimental techniques and analysis procedures.

The anisotropy parameters (rl, r2, and Dn, and 131.) were obtained by
separately deconvaolving properly weighted sum and difference curves and
then reconstructing the anisotropy according to the two exponential model.
This procedure reduces the number of parameters in the least squares
analysis, a critical simplification for systems exhibiting multi or
non-exponential kinetics., Other analysis techniques, e.g., the simultaneous
analysis of parallel and perpendicular dccaysll and "global" analysis,10 may
well have advantaées, but these may not be realized for complicated
anisotropy decays such as those of perylene,

Our analysis focuses on the relevant differences between the parallel and
perpendicular decays. Individual decays ~nd to be dominated by changes
due to the fluorescence lifetime. Goodne . of fit calculations thus may be
less sensitive to parameters governing the anisotropy and may depend on the
fitting range employed, especially when the anisolropy decays more quickly
than the fluorescence. It alsq should be stressed that simulatneous fitting
and "global analysis" will be advantageous only if the relationships between

the various decay curves are well-established., Simultaneous analysis of

JuE S S
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parallel and perpendicular decays obtained under identical eation conditions
clearly is justified. On the other hand, the simultaneous fitting of
anisotropics obtained at different cxcitation wavelengths may well put artificial
restraints on the parameters ciktracted from such fits.

Improvements in time-resolved fluorescence techniques have pushed
anisotropy measurements beyond the determination of single, average
correlation times. Rovements of macromolecules in solution have been shown
to involve non-exponential and multi-exponential anisotropy decays.
Considerable theeretical effort has provided models for the restricted motion
of membrane probos,7 the internal motion of hiopo]ymers,8'9 and the
rotational motion of unsymmetrical flum‘uphorcs.6 The samples described in
this paper may lead to a critical comparison of the methods and models by

which these complicated motions can be measured and understood.
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sobuble polvdiicety lene poly [ 112 docosehyne-U.22 b iphemy Facetate ] 9PA The essentiad hiterenoe between thise

T sustenis s Hut AROCMU contans siderroups aypabite of fonming by deogen bonds paraliel to the pelviner chan wlicreas

the 91\ snderroups canned

1. Introduction and experimental methods

A nunther of reviews are now available which re-
flect the widespread interestin the fichd of solid-state
polymenzation of disubstituted diacetylenes [ 4.
Polydiacetylenes thereatier seterted teas PDAs) have
the general shiucture
[R'C € € CRJ,. (n
Owing 1o the msolubiity of most PDAs in common
organic solvents_attenmpts to study ther solution prop-
erties renvaned unsuccesstul untid Patel et al. dis-
cosered that appropriate choice of the sidegroups R
and R’ provides souble P(!‘l'\nl\‘ls {5.0]. The mntense
npll(:ll uhmrpllml manimun ol the conjirgated |m|_\ -
met backbone typically shifts some SS00 an o
higher encrgy on dissolution ot such PDA crystals
Thas hias been attributed to distuption of the imitially
fully extended conjugated backbone 1o give a disttiby-
tion of short conjugated segments [§ 7]

The intense optical absorption of PDAs is well
recopnised as being excitome m character. Very httle
work (either experimental or theoretical) has ap-
peared related to exciton dynamics 1 such compugated
systems. Thisas princtpally doe to the absence of Huo-

Q00926 1LHRS S U Bleevier Sctence Pubhisherd B Y
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rescence emission from PDA <ile cry stalv, Disordered
and defected PDAs are known to be weakdy Hunres
cent |8 1] As part of our studies of [Thorescence in
such systeres, we teport hete studies of absorption and
lnotescence excitation and emisaon ol a soluble PHA
containing urethane sidegroups ABCMU where

R=R"= (Cll OCONITCOO

i structure ¢y These supplement the simdar studies,
repotted previousty 18], carried out onanother solu-
ble PDA polymer. 9PA. where

R=R"= (UH,) OCOCH,

The principal ditference between these two pohy
miers s that by drogen bonds can be fonmed between
the sidegronps, parablel to the polymer cham i
ABOMU ind other wiethanesudegroup contaming
polymers [S OS] whereas the sulegroups of 9P A da
not intecact i this nmer. The tormer compounds
undergo a bathochrontie shitt wheuw eithes

Gk nonsobent s added toa solution m good sof-
vent. ot

(b the solution s cooled. or

(¢} the concentiation ot the pohvmen s mavased

S
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The tonnation of lvdrogen bonds has been napi ated

as the dosg toree bebisid a toasaton feon arand o

cotl tosmere vdered fotm which produces these
spectral Changes [S 7] Ehe stindies of OP A fave o

tahlishied that chronisa s o thore genessl phetonee
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polymers s that the total fluciescence yield of the
Ry-elass s fess than that tor the cortesponding Ry -
phisa By Lactor of up to 3.5 depending on the imitial
cancentuation of the patyiner. Hhis is expected be-
case of the Jower entropy (greater otder ) of the RR'
phase Whereas the spectial proliles of 9PA tor the
Ry pliase show weil deseloped vibronie sidebands
withoshntes roan zero-phonon peaghs of ahout 1500
and € C

stretching maodes of the acety leme polyimer backbone

and 2100 G Y Caactenstie of the C=

stractire tespectively CABOMU spectral profifes thg. 3)
are rather Tess structured Fhis makes it ditticalt to
wennity bamd ongns. The Ry -phase consists prngi-
ey of tuo distct molecular conformations with
crnisston and absorption bands accurimg roughly at

ST and STO nne and 320 and S30 nm, wespectively
Quendimyg of the Ry phase. obtmned alter a short
atealine tine at room tempertture, Jeads tooa redu-
tion ol the STS pm ennssion band together with the
asocited vibrame sidebands whch appeat as shoul-
deron b ¥ The arher confarmanion, dommant in
the Ry phiase tshoalder i Ryos apparently created
Toosoane extent it the expeinse of the satial confonma-
te ot Ry phase The same trend s alsa observed for
S polviner [N Forvers dilute SBOMU poly ey
whitions € 7ot
tepresenfine Kyoamd Ry phiases are sirtindls deritioid

gl N the emission spectra

creept tora sl mtensity ditfeicnce Tonssion speg-
T were cotre tedd tor teabsorphion. Thooeh expen-
e nial probicns lont the accntacy ot this correction
the et antensity of the STS am peak o) the Ry -
chivses was tonnd tocbe situadlv ndependent of the
cotcentration of the Y phase soliutions

Phe chomees e spectial protile swatl exartation
wanelempeth Canche explamned as the superpostiion ol
the tw e spec trowath cingssson organs gt STS and 330
ton The tormaer eshibods tnrow vibonte cnnssion
when the exomation s the revion ol the zero phonon
prak U310 370 ey Stndar etects Base been ab
vaved tor P A plasses at AR [70] Tins superposttion
sappests that there s no bast enerey tonster hetween
the podymer species responsible for e enissions
St e nntermy of bngh omedecular wepht senntlex
le cnanpled podvaners (s kel tocbe e preecesy,
we heheve that peecisor speaes with sionhar conton
nurions to ose of the speaes toozen im die vhises
st e e polyiner sobatons Y1 bhe concen

Toation dependence of cnssienr and absorprion e ob

CHEMICAL PHYSICS LTI TERS K ALarch LWRS

setve keads 1o the tollowing conclusions. The precur-
sot tesponsible for the S15 nm emission is present m
neatly equal amounts in dilute R-and Y phase solu-
tions. and the quantity of precursor o5 precursogs.,
responsible for the S50 nm emission increases with
concentration for hoth R-and Y-phase solutions
These conclusions follow from the lower quantum
clticiency for emission resulting from the species ab-
sarbing at S30 relative 1o that absorhing at S10 n
the R =2 Y transstion for 3-and 4 BOMU fas been

interpreted as either 2 1od -+ coll tansition ol isolated
chains |5 7052223 or as an apgregation phenom-
enen [ 24 28] The absorpiondluorescence data of
several PDAs cleatly imdicate that distinet, difterent
backbone confonmations occur in the Y- amd R-

phases. The absorption pratifes tog the Y phase of

several PDAs suggest that the interactions between
the sidegroups we nimintal i they occu at all. fn the
case of the drethane sidegroups contaming PDAs< the
dynamic nature of the Y phase solutions will nvolhe
acompetition berween the fonmation and disiuption
of hy drogen bonds between the sidegroups: the Tatter
bemg dominant. A clear-cut assignient of the micro-
scopie structure i the R-phase s dithicalt beaiuse ol
contlicting experumental dati. Both posabilities counld
oceut for difterent DA TE s posable that sidegroap
fretetactions ook et docal contonnaions m the R-
phase presentimgp the Tonmation ot an extended rod-
ke conformation, and a chain tolded miciocry stathne
wotphology conld tesalt trons the collapse ol the Y-
phase 26, Such a conformation could occur inde-
pendent ol sideeroup by dvogen-bond formation.
Thirs, though the detarls ot the poly mer contfarmation
will depend on the balince of inter- and mtia-chim
mtenactions, i seems hkely that the Y- 1o R phase
Cransition Cand vice versabas essentally hackbone-
diven, motre ar fessmdependent of the sidegronp

The ierpretation of the Huorescence dita given
above indicates that apgrepation of polymer chars
ocans i both Y and R phase solutionsat all coneen-
tratiens There are several possibibties tor the precut-
sar o the STO v absobing species. These inclinde
iam ends, non planar confonmations, tor example.
civ-helicor o buckled tans focked an by sidegronp
nteractions barter experiments are 1 hand (o try
todistngtsh between thes: possibilities
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